(Ge 103 PART A NUMBER 9 JUNE 1956 


The Proceedings 


OF 


THE INSTITUTION OF 
ELECTRICAL ENGINEERS 


FOUNDED 1871: INCORPORATED BY ROYAL CHARTER 1921 


PART A 


POWER ENGINEERING 


Pan Sind Di 


SAVOY PLACE + LONDON W.C.2 


Price Seven Shillings and Sixpence 


THE INSTITUTION OF ELECTRICAL ENGINEERS 
INCORPORATED BY ROYAL CHARTER 1921 


FOUNDED 1871 


Patron: HER MAJESTY THE QUEEN 


COUNCIL 1955-1956 


President 
Sir GeorGE H. NELSON, Bart. 


Past-Presidents 


COLONEL SIR 


A. STANLEY ANGWIN, T. G. N. HALDANE, M.A. 


AMES ~R.S. H. T. YOUNG. 
are oD ERS ae Sir GeorGE Leg, O.B.E., M.C. K.B.E., D.S.0., M.C., T.D., D.Sc. YROrencs 125 EN eet Sra j 
Tue Rt. Hon. THE EARL OF MOUNT Sir ARTHUR P. M. FLEMING, C.B.E., (Eng.). oe 7 see a JG ILL, B.Sc.(Eng.). 


EpGcuMBE, T.D. 
J. M. Dona.pson, M.C. 


D.S Sir NoEL ASHBRIDGE B.Sc.(Eng.). (Eng.). 
on tert f : Sir VINCENT Z. 
Vice-Presidents 


T. E. Gotpup, C.B.E. S. E. GoopALL, M.Sc.(Eng.). 


Honorary Treasurer 


Sir HARRY RAILING, D.Eng. 
P. DuNSHEATH, C.B.E., M.A., D.Sc. 


WILLIS JACKSON D.Sc., D.Phil., Dr.Sc.Tech., F.R.S. 
Str W. GorDON RADLEY, C.B.E., Ph.D.(Eng.). 


Sir Haroxp BisHop, C.B.E., B.Sc.(Eng.). 


CouoneL B. H. LeEson, C.B.E., T.D. j 
J. Ecctss, C.B.E., B.Sc. 4 


DE FERRANTI, M.C. 


Sin HamisH D, MACLAREN, K.B.E., C.B., D.F.C., LL.D.,!B.Sc. 


a 


Tue Rt. Hon. THE VISCOUNT FALMOUTH 
Ordinary Members of Council 


H. E. M. Bartow, Ph.D. B. Donkin, B.A. C. T. MELLING, C.B.E., M.Sc.Tech. G. O. WATSON. 
ee ec cane). 7 PROFESSOR J. GREIG, M.Sc., Ph.D. H. H. MULLENS, B.Sc. D. B. WELBOURN, M.A. 
J. BENNETT. F. J. LANE, O.B.E., M.Sc. W. F. PARKER. J. H. Westcott, B.Sc.(Eng.), Ph.D. 
C. M. Cock. G. S. C. Lucas, O.B.E. R. L. SmirH-Rose, C.B.E., D.Sc., Ph.D. E. L. E. WHEATCROFT, M.A, 
A. R. Cooper. D. McDona Lp, B.Sc. G. L. WatEs, J.P. R. T. B. Wynn, C.B.E., M.A. 


A. T. CRAWFORD, B.Sc. 


Supply: 
L. DRUCQUER. 
*J, D. PEATTIE, 


Radio and Telecommunication: 
H. STANESBY. 
*C. W. OaTLEY, O.B.E., M.A., M.Sc. 


Measurement and Control: 
W. BAMFORD, B.Sc. 
*M. WHITEHEAD. 


Chairmen and Past-Chairmen of Sections 


r Utilization: 
D. B. Hoce, M.B.E., T.D. 


B.Sc. *J. I. BERNARD, B.Sc.Tech. 


Chairmen and Past-Chairmen of Local Centres 


North Midland Centre: 
F. BARRELL. 
*G. CATON. 


East Midland Centre: 
F. R. C. Roserts. 
*J. H. Mrrcue.t, B.Sc., Ph.D. 


G. V, SADLER. 


M.Sc.Tech., 


North-Eastern Centre: 
A. H. KENYON. 
*G. W. B. MITCHELL, B.A. 
Southern Centre: 
L. H. Futter, B.Sc.(Eng.). 
*E. A. LOGAN, M.Sc. 


Mersey and North Wales Centre: 
PROFESSOR J. M. MEEK, D.Eng. 
*P. R. Dunn, B.Sc. 


*A.N. IRENS. 
* Past-Chairmen. 


MEASUREMENT AND CONTROL, SUPPLY AND UTILIZATION SECTION COMMITTEES 1955-1956 
Measurement and Control Section ’ 


Chairman 
W. BAMFORD, B.Sc. 
Vice-Chairmen 
Denis TAYLor, M.Sc., Ph.D.; H. S. Percu, B.Sc.(Eng.). 
Ordinary Members of Committee 


T. S. ANDREW. PROFESSOR F, BRAILSFORD, Ph.D., B.Sc C. G. GARTON. 
A. H. M. ARNOLD, Ph.D., D.Eng. (Eng.). M. KAUFMANN. 
J. BELL, M.Sc. W. CASSON. C. RYDER. 

D. EpMUNDSON, B.Sc.(Eng.). And 


The President (ex officio). 

The Chairman of the Papers Committee. 

PROFESSOR J. GREIG, M.Sc., Ph.D. (representing the Council). 

C. H. W. Lackey, B.Sc. (representing the North-Eastern Radio and Measure- 
ments Group). 


G 
G. H. 


roup). 
RAYNER, 
Supply Section 
Chairman 
L. DRUCQUER. 
Vice-Chairmen 

P. J. Rye, B.Sc.(Eng.); PROFEssoR M. G. Say, Ph.D., M.Sc.; D. P. Sayers, B.Sc. 

Ordinary Members of Committee 
H. G. Beit, M.Sc.Tech. 


J. A. BROUGHALL, B.Sc. 
O. J. Crompton, M.Eng. 


E. L. Davey, B.Sc.(Eng.). 
L. GOSLAND, B.Sc. 
C. P. Hoxper, B.A. 
And 
The President (ex officio). 
The Chairman of the Papers Committee. 
F. J. LANE, O.B.E., M.Sc. (representing the Council). 
E. M. JoHnson, M.Sc.Tech. (representing the North-Western Supply Group). 


Utilization Section 
Chairman 
D. B. Hoce, M.B.E., T.D. 
Vice-Chairmen 
H. J. Grsson, B.Sc.; J. VAUGHAN HarRIEs. 
Ordinary Members of Committee 


J. M. FeRGuson, B.Sc.(Eng.). 
H. C. Fox. 
T. E. Houcutron, M.Eng. 


R. H. M. Barkwan, B.Sc.(Eng.). 
G. H. Davison. 
S. ENGLIsH, D.Sc. 


The President (ex officio). 

The Chairman of the Papers Committee, 

C. M. Cock (representing the Council). 

N. S. GopDARD (representing the North Midland Utilization Group). 
J. C. Jones (representing the North-Western Utilization Group). 


And 


J. W. Donovan, B.Sc. (representing the South Midland Supply and Post Office: 
Utilization Group). War Office: 
W. H. SMALL (representing the Western Utilization Group). 
Secretary 


W. K. BrasHer, C.B.E., M.A., M.I.E.E 


Deputy Secretary 
F. Jervis SmirH, M.I.E.E. 


Assistant Secretary 
F, C. Harris. 


North-Western Centre: 


* *PROFESSOR E. BRADSHAW, M.B.E., 


Northern Ireland Centre: 
Mayor E. N. CunutrFe, B.Sc.Tech. 
*MAJoR P. L. BARKER, B.Sc. 


Western Centre: 
T. G. Dasu, J. : 


D. T. HOLLINGSworRTH. 
H. M..LaAcey, B.Sc.(Eng.). 
J. R. Mortiock, Ph.D., B.Sc,(Eng.). 


G. S. BUCKINGHAM, B.Sc.(Eng.) 
Utilization Group). 
E. K. Woop (representing the Western Supply Group). 


A. J. Kinc, D. 
A. H. MCQUEEN. 
R. A. MARRYAT, B.Sc.(Eng.). 


The following nominees of Government Departments: 
Admiralty: P. Smiru, B.Sc. 

Air Ministry: H. F. INNOCENT. 

Ministry of Labour and National Service 
Ministry of Works: P. McKgE. 


Scottish Centre: 

E. WILKINSON, Ph.D., B.Eng. 
*J. S. Hastie, B.Sc.(Eng.). 
Ph.D. 

South Midland Centre: 

H. S. Davipson, T.D. 

*A.R. BLANDFORD. 


is 


Past-Chairmen 
_ M. WHITEHEAD; J. F. CoALEs, O.B.E., M.A. 


Proressor C. Hott SmirH, C.B.E., M.Sc. 
PRorFEssor A. TusTIN, M.Sc. 
J. K. Wess, M.Sc.(Eng.), B.Sc.Tech. 


J. C. West, B.Sc., Ph.D. (representing the North-Western Measurement and Control 


B.A. (nominated by the National Physical Laboratory), : 


Past-Chairmen 
J. D. PEATTIE, B.Sc.; L. G. BRAZIER, Ph.D., B.Sc. 


L. C. RICHARDS, B.Sc.Tech. 
F. C. WALMSLEY. 
L. H. Wetcn, B.Sc.(Eng.). 


(representing the South Midland Supply and 


Past-Chairmen 
J. I. BERNARD, B.Se.Tech.; B. L. METCALF, B.Sc.(Eng.). 
Sc., M.Sc.Tech. F. P. PHILiips, B.Sc.(Eng.). 
T. B. Rotts, B.A. 
H. G. TayLor, D.Sc.(Eng.). 


(Factory Dept.): S, J. EMERSON, M.B 
ARNEY. : 

A. E. PENNEY. 

LrevuT.-CoL. D. W. McCartuy, R.E., M.B.E., M.A. 


Editor-in-Chief 
G. E. WILLIAMs, B.Sc.(Eng.), M.I1.E.E, 


(i) 1L.E.E. PROCEEDINGS, PART A—ADVERTISEMENTS 


MOTOR FROM 
L.S.E. RANGE 


— a range continuously developed and 


improved by specialists for more than 
seventy years. 3 


Motors for a.c. and d.c. up to about 2000 h.p., con- 
stant and variable speed, in all usual enclosures and 
mechanical types; alternators, frequency convertors, 
etc.; and control gear for hand or automatic control. 


BEE 
my LAURENCE, SCOTT 
— & ELECTROMOTORS LTD. 


Say NORWICH MANCHESTER LONDON & BRANCHES 
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CLOSED cipcuIT 


AIR COOLER 


Lengthy experience in practica! design 
Wide variety of ducting and damper layouts 
Highly efficient cooling surfaces 
Heavy and robust construction 
Special attention to ease of access and maintenance 


. (The names ‘Heenan’ and ‘Froude’ are registered trade marks of the Company) 


HEENAN & FROUDE LIMITED e WORCESTER e ENGLAND 


is one of two 10,000 kVA. 33,000/11,000 volts, 3 
phase, 50 cycles, transformers installed for the 


National Coal Board in South Wales. 
As in every Bryce installation, its dependability in 


service results from meticulous attention to detail 
at every stage of design and construction. 


We build Power Transformers of all types up to 20,000 kV A. and are 
also one of the principal British manufacturers of Power Capacitors. 


BRYCE ELECTRIC CONSTRUCTION COMPANY LTD. 


KELVIN WORKS *« HACKBRIDGE -: SURREY ~° 


In association with Hackbridge Cable Co., Ltd. 
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“T TYPE” 


SWITCH-FUSEGEAR 


QUICK DELIVERY 


@ Suitable for 660 volt service in accord- @ Fused 2 amp.—800 amps. in two 


ance with B.S.S. 2510/1954 and B.S.S. Tanges. 
861/1939 and 1946. Feu 
@ Fuse carrier completely removable. @ Can be supplied with built in SWS 
fuse boards, contactors, section \ —_— 


switches, and isolators. 


SOUTH WALES SWITCHGEAR LIMITED 


BLACKWOOD, MONMOUTHSHIRE. G® Gi6 
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BOLTON’S COPPER IN THE 
WORLD’S TRANSPORT SERVICE 


 Orz{]@n-2An~"h— 
ZAA2RS= an. 
Zp | SSS 


Illustration shows one of the 


A 
Ro ” fifteen 3,000 h.p. 3,000 volt D.C. 
Pst Is 


BRAZIV\ WW 


mixed traffic locomotives, in which 


Bolton’s High Conductivity Copper 


is incorporated, built by The 


English Electric Co. Ltd., and the 


Vulcan Foundry Ltd., for the 


AEE. 
BOLTON 
¢ Estrado de Ferros Santos a jundiai, 


Ze ; 
ED SONS. 4 Brazil. 


SSH 


Bolton’s High Conductivity Copper products are used 
extensively by the manufacturers of electric locomotives for 
such purposes as field coils, armature coils and commutator 
bars of traction motors, generators and auxiliary machines 
and also for components of control equipment and pantograph 
wearing strips. Since 1783 Boltons have been pioneers in 
the production and development of copper and copper-base 
alloys in all forms. | 

Bolton’s Copper products comply with all relevant British 
Standard Specifications and many other Home, Colonial and 
Foreign Government requirements. 


[THOMAS BOLTON & SONSLTD. Established 1783 


HEAD OFFICE: MERSEY COPPER WORKS, WIDNES, LANCASHIRE, Telephone: WIDNES 2022 


London Office and Export Sales Department: 168 Regent Street, W.1. Telephone: Regent 6427-8-9 


SE PSI Ee a RN ESTEE 
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Power 
Station 


KLANG 
MALAYA 


Four 30 MW Parsons Turbo-generators and 


seat 

» 

“4 ee 
isteweeee es: 


eleven Parsons transformers (Four 25 MVA 
generator transformers, two 10 MVA station 
feeders, two 4.5 MVA station auxiliaries, 
and three .550 MVA station distribution 
transformers) are installed in this modern 


power station. 


Consulting Engineers: Messrs. Reece, Cardew, & Rider. 


Parsons 


: turbo-generators 
and transformers 


TURBO-BLOWERS, CONDENSING PLANT, FABRICATED STRUCTURES, MEEHANITE CASTINGS 
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3" 4° 
MIN. DISTANCE REQUIRED 
TO WITHDRAW TRUCK, 


The Switchgear 

with EXCEPTIONALLY 
SMALL SPACE 
REQUIREMENTS 


BV Unit with Hand-operated 
mechanism 


The interior of the 
“BV’ Unit 


If che need is for 
SWITCHGEAR 


—and what electrical development scheme does not call for 
switchgear, ‘Ferguson Pailin’ can supply the need. Our type 
‘BV’ switchgear, built for 11kV service, is universally known 
and might almost be said to set a standard for its class. It 
possesses all the accepted desirable features, being the result of 
continuous development over many years. 


Each circuit-breaker is 
mounted on its own truck 
and is interchangeable 
between units 


BV switchgear is designed for extension to small 
i" or other switch units/isolators as required. The 
¢ illustration shows a BV unit combined with a 
, type IB isolator. 


Typical ‘BV’ Switchboard with spring-operated mechanism 


erguson Pailin 


__. it’s SAFE 
_—s- to’ specify BY SWITCHG EAR 
ai ht iMacs 


_ for Switchgear 
Head Office & Works: HR. OPENSHAW MANCHESTER 11, Telephone : DROylsden 1301 (Pte.Branch Ex) - ‘ 


GLASGOW OFFICE : Central Chambers, 109 Hope Street, C.2, 


2 LONDON OFFICE - Bush House, Aldwych, W.C.2 BIRMINGHAM OFFICE : Windsor House, 656 Chester Road, Erdington. 23 


REPRESENTED IN PRINCIPAL OVERSEAS TERRITORIES 
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Progressive 
insulation 


technique 


Progress in the art of 


insulating transformers The insulation is 


with casting-resins homogeneous, has low 
has made possible moisture absorption and 
the production of a high resistance to tracking, 
voltage-transformers Cast-resin insulated 
and current-transformers transformers are now 
which have low dielectric loss, being incorporated in 
high impulse strength, our air-insulated 
high short-circuit security 11-kV switchgear 


and high temperature resistance 


Reyrolle 


A. REYROLLE & COMPANY LIMITED HEBBURN, COUNTY DURHAM, ENGLAND 
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The transmission of 


information... 


The need is felt by every power engineer. Today he requires 
information by the quickest possible means—by the spoken 
word, or from long-range reading of meters or state of switchgear. 
Whichever way information is obtained one essential need 

is reliability. 


The method will vary according to circumstances and resources. 
G.E.C., with their wide knowledge and experience, can 

advise on the use of pilot wires, telephone lines, radio, 

or H.T. conductors themselves. G.E.C. have the answers—use their 

experience to gain your information. 


REMOTE SUPERVISORY 
CONTROL. A system for 
controlling power distribu- 
tion using equipment and 
techniques developed from 
the selection and signalling 
devices of automatic tele- 
phony. Meter readings, 
switchgear indicators, and 
control signals are returned 
over the same channels. 


POWER LINE CARRIER 
oe SYSTEMS. These provide up 
iF to eight communication cir- 
cuits over the power lines 
themselves. Each circuit ac- 
commodates a telephone cir- 
cuit, a  telephone-signalling 
channel, independent channels 
for teleprinter working, and 
remote switchgear control and 
metering. 


PRIVATE AUTOMATIC EXCHANGES. P.A.X. equip- 
ment provides a reliable and flexible communications system. 
Multi-line conferences and priority for emergency calls are 
two of the many facilities that can be incorporated in the 
equipment, 

RADIO VHF multi-circuit radio links are recommended 
for use over rough country where line or cable systems are 
difficult and uneconomical 


EVERYTHING 
FOR TELECOMMUNICATIONS BY 
OPEN-WIRE LINE, CABLE AND RADIO 
SINGLE OR MULTI-CIRCUIT, OR T.V. LINK. 
SHORT, MEDIUM, OR LONG HAUL. 


THE GENERAL ELECTRIC CO. LTD., OF ENGLAND. Telephone, Radio and Television Works, Coventry, England. 
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Telephone: Harlow 2681} 
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For the Bersimis-Lac Casse develop- 
ment of the Quebec Hydro-Electric 
_ Commission, Metropolitan -Vickers 
are making four vertical water wheel 
| generators. Each capable of an out- 
“put of. 138,000 kW at 277 r.p. 
these generators will be the most 
in the world. 


powerful 


The photograph shows the Bersimis River, Quebec. 


SY METROPOLITAN-VICKERS 


rr ELECTRICAL CO LTD - TRAFFORD PARK - MANCHESTER — 


C/A 401 


LE.E. PROCEEDINGS, PART A—ADVERTISEMENTS ( xii ) 


NALDERS 


QUALITY 
— 


NALDERS PRODUCTS include a wide range of Electrical 
Measuring Instruments, Indicating and Recording, Switchboard 
and Portable, as well as Protective Relays, Vectormeters, etc. 
We can meet your demands for PROMPT DELIVERY. 


NALDER BROS & THOMPSON LTD 
DALSTON LANE WORKS - LONDON, E.8 


Telephone: Clissold 2365 (3 lines) T 


elegrams: Occlude, Hack, London 


4 Making a name for 
ourselves 


MEMBERS OF THE C.M.A. 


- British Insulated Callender’s Cables Ltd. 
Connollys (Blackley). Ltd. 
Crompton Parkinson Ltd. 
The Edison Swan Electric Co. Ltd. 
Enfield Cables Ltd. 
W. T. Glover & Co. Ltd. 
Greengate & Irwell. Rubber Co. Ltd. 


The Roman sculptor who carved the inscription on the base of 


the Trajan column set a standard of perfection in lettered form W. T. Henley’s Telegraph Works Co. Ltd. 
that has lasted through the ages. Johnson SR LIDS a, 

The Liverpool Electric Cable Co. Ltd. 
The ‘Roman Warrior’ and the ‘C.M.A.’ trademarks are symbols Metropolitan Electric Cable & Construc- 

: F 2 c tion Co. Ltd. 

of the highest quality standard in electric cable manufacture — ; 

Pirelli-General Cable Works Ltd. 
recognized throughout the world. Over one million pounds (The General Electric Co. Ltd.) 


St. Helens Cable & Rubber Co. Ltd. 


‘spent each year on research and development by member com- 
3 Siemens Brothers & Co. Ltd. 


panies, together with constant testing to maintain the high (Siemens Electric Lamps & Supplies Ltd.) 
C.M.A. standards, ensure that ‘C.M.A.’ will be engraved still Standard Telephones & Cables Ltd. 

3 : 5 The Telegraph Construction and 
deeper on the industrial life of the world. . Maintenance Co. Ltd. 


Insist on a cable with the {| label 


The Roman Warrior and the letters “C.M.A.” are British Registered Certification Trade Marks. 
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MODERN GAS CLEANING—1 


Before you read this... 


1. 


2. 


It is a means of removing solid or liquid particles from a gaseous 
carrying medium. It does this by charging the particles in an electric 
field and precipitating them onto a receiving surface. 

It is a highly efficient means of collecting dusts, mists and fumes from 
most chemical and industrial processes. 

Efficiencies of more than 99 % are commonly achieved nowadays. This 
applies to particles of all sizes, not just those in the larger range. 

As a rule, the material is recovered in its original state. In the cases 
where wet precipitators are more suitable, the material is collected as a 
liquid or sludge. 

This ranges from a few hundred to several hundred thousand cubic 
feet per minute of gas. 

This depends on the gas volume but an important aspect of our design 
is its flexibility. Simon-Carves plants can be arranged for horizontal 
or vertical gas flow and the proportions can be varied to suit local 
conditions. 

Simon-Carves plants are robustly constructed and are designed to cope 
with fluctuating gas conditions with constant efficiency throughout the 
life of the plant. Wear and tear on the plant is very low and replace- 
ments are very infrequent. 

Capital costs are not high considering the superior performance of 
electro-precipitators whilst running and maintenance costs are far less 
than for other types of high-efficiency collectors. F 


OVERSEAS COMPANIES | Simon-Carves (Africa) (Pty) Ltd: Johannesburg 


SC 156 


WRITE 


FOR BOOKLET ON THIS SUBJECT 


ask yourself 
these questions 


. WHAT IS ELECTRO-PRECIPITATION ? 

. WHAT ARE ITS APPLICATIONS ? 

. HOW EFFICIENT IS IT? 

. WHAT DOES IT DO TO THE MATERIAL? 
. WHAT CAPACITY CAN BE DEALT WITH? 
. HOW MUCH SPACE IS NEEDED ? 

. HOW RELIABLE IS IT? 

. HOW MUCH DOES IT CosT? 


If you are concerned at all with problems of dus: 
extraction for the prevention of pollution or iz 
industrial recovery processes, you should know the 
answers to these key questions about the latest 
electro-precipitation techniques. Take time now 
to check on the facts you should know. The 
answers to the above questions are given on the lefé 
and we will be pleased to answer your further 
questions on electro-precipitation. 


Szmon-Carves Ltd 4&2 


\ GROUPS 
SS 


STOCKPORT, ENGLAND 


Simon-Carves (Australia) Pty Ltd: Botany, N.S.W. 


MEMBERS OF THE CMA 


MANCHESTER 17 


TRAFFORD PARK 


TRAFFORD PARK 214) 


METAFILTRATION 


THE METAFILTRATION COMPANY LTD. 
BELGRAVE Rd., HOUNSLOW, MIDDLESEX 


TRANSFORMER AND SWITCH OILS 


Complete Drying and Purification giving Maximum 
Breakdown Voltage in one simple operation. 
No heating. No fire risk. Weatherproof. Fully 
mobile units. Used by leading Electricity D 

Undertakings throughout the World. 


Capacities from 20 gallons 
to 1,000 gallons per hour. 


PHONE: HOUNSLOW 1121 /2/3 
* GRAMS: METAFILTER, HOUNSLOW 


(xv2) I.E.E. PROCEEDINGS, PART A—ADVERTISEMENTS 


FLAMEPROOF 
DIRECT-ON STARTER 
150 hp. 5°35 kv. 


In addition to the basic components the following auxiliaries can be 
provided. 

Control circuit 110 volt; alternatively, intrinsically safe control circuit. 

Earth leakage protection; alternatively, Sentryfugue control relay for belt 
slip protection. 

Brake Control Unit with overcurrent protection. 

500 v.a. supply available for external lighting when brake control unit is not 
included. 

Automatic sequence starting. 


Ammeter. 
3-3 k.v. Starters are also available in industrial enclosures for direct-on and . 


stator/rotor starting up to 200 h.p. 


M. & C. SWITCHGEAR, LTD. 


KIRKINTILLOCH, GLASGOW. 


LONDON OFFICE, 36 VICTORIA ST., S.W.1. SHEFFIELD OFFICE, OLIVE GROVE RD. 


e 
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TO B.S. 2083-1954 & B.S. 2613-1955 


Quality Motors of high performance 
having low temperature rise on full load 
and high torque characteristics. Motors 
designed and tested before despatch to 


comply with British Standard Specifi- 

cation 170/1939 for Motors below 1 HP. Many cables are made 
per 1000 R.P.M. and British Standard is és “ 3 
Specification 2613/1955 for Motors of to specification but it ts 


1 HP. per 1000 R.P.M. and above. 
All sizes maintained in stock. 

Leaflet PI 1 giving full details, 
available on request. 


by their attention to the 
unspecified details that 
Aberdare’s reputation 
has been built. 


lberdare Cables 


Paper insulated cables up to 33kV, to BSS or special requirements. 


AN-COOLED TOTALLY ENCLOSE 


ABERDARE CABLES LIMITED 
ABERDARE - GLAMORGAN + SOUTH WALES 
London Office: NINETEEN WOBURN PLACE, W.C.1 


Aberdare Cables are represented in over 40 different territories. 
Names and addresses of agents sent on application. 


dm HE.87 ae 40) 


> @nlare 
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We work for 
the New Age 


THE RECENTLY ANNOUNCED agreement between Mitchell 
Engineering Ltd of London and AMF Atomics Inc of New 
York, will undoubtedly have far-reaching effect in applying 
atomic power for the benefit of mankind. 

Created for the joint design and construction of nuclear 
power plant in the Commonwealth and other countries, it is 
private industry’s first international agreement in this field — 
and the logical outcome of Mitchell’s exceptionally wide 


experience over the past 35 years in all branches of engineering 


and electrical supply. 

MITCHELL COMPANIES—active in the atomic sphere since 1950~are 
at present engaged on three important contracts for the United 
Kingdom Atomic Energy Authority. 


AT CHAPELCROSS Amman, Dumfriesshire, where work 1s beginning on Britain’s 
biggest atomic power station, the Mitchell Construction Company are the main civil 
engineering contractors. 


AT CAPENHURST near Chester, where work at the Authority’s diffusion plant is in progress, 
the same Company is building six cooling towers. Here, also, Mitchell Engineering Limited 
has been awarded a substantial contract for piping and plant installation. 


MITCHELL ENGINEERING LIMITED ONE BEDFORD SQUARE LONDON WCI 


MITCHELL CONSTRUCTION COMPANY WHARF’ WORKS PETERBOROUGH 
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Where there Is 
an efficient boiler plant 
there is usually a 


E. GREEN & SON LTD. WAKEFIELD 


Makers of Economisers for more than one hundred years 


re patios Nes SI 


GE 166a 


PERMANENT MAGNETS 
for TELEVISION RECEIVERS 


Make sure you have a copy 
of the latest 1955 edition of 
publication -P.M. 112 
“Permanent Magnets for 
Television Receivers.” For 


loud speaker magnets see 
publication P.M. 108. 


MADE BY THE DESIGNERS & MANUFACTURERS OF ECLIPSE PERMANENT MAGNET CHUCKS 
JAMES NEILL & CO. (SHEFFIELD) LTD. 


SHE EE IEE. Dea ENGLAND 


M4 
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FERRANTI DIGITAL COMPUTERS 
are used throughout the world 


TORONTO 


_ The University of 


Toronto 


PEGASUS 


computer 


The National 


» Research Council 
‘MERCURY [|| ‘Samaene 


computer 


OSLO 


The Norwegian 
» Defence Research 
» Establishment 


variety of uses in research and industry. 
2 rer Department, 


a 
= 


im STOCKHOLM ' 


Insurance Company 


FERRANTI LTD.* MOSTON - MANCHESTER 10 
London Computer Centre: 21 PORTLAND Boke St 


DC30 
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PORTABLE 1+ 3 


CHANNEL CARRIER 


SYSTEM TYPE CS3/CP 


As supplied to the Ministry of Supply for the British Army. 


Provides 4 high quality broad band circuits 300— 
3,400 c/s for working over short-haul radio links trans- 
mitting a band width of 0.3—16 kc/s. 

Includes 500 c/s ringers and power supplies for opera- 
tion from A.C. mains or portable generators. 

For Zero level into any channel the sending level is— 


30 dBm per channel. 
For—16 dBm from the radio the output level from 


any channel is —4 dBm. 


Auxiliary units are 
available for:— 


1 Conversion to 2-wire 
working over open wire 
lines. 


2 Combining 2 terminal ; 
units for 4-wire working | 
over radio or cable 
circuits. 


3 Operation from 12-Volt 
batteries. 


FEATURES 
Portability 
Robust Construction 
Ease of Maintenance 


Use of one valve-type 
throughout 


Reliability of operation 
over long periods 


Minimum of controls and 
working adjustments 


Ease of bringing into 
service 


SIEMENS BROTHERS & co. 
LIMITED 


TRANSMISSION BRANCH 
WOOLWICH, LONDON, 
S.E.18 
Telephone: Woolwich 2020 


MEM BIE RIO Rl, Hee Asse eT 
GROUP OF COMPANIES 


( xx ) 


RICH 


ARD JOHNSON & NEPHEW. MANCHESTER II 
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Transformer . 
Transformations 


‘Araldite’ (Regd.) epoxy casting resins are used extensively by transformer 
manufacturers, who find that potted transformers offer many advantages. 


“Araldite? casting resins provide: 

: % Reduced weight 

* Less bulk 
%* Improved insulation 
%* Excellent heat transfer 
% Reduced fire hazards 


Manufacturers find that the execution of projects hitherto thought 
‘impracticable can be accomplished by the use of ‘Araldite’. Outstanding 
adhesion to metals, ceramics, etc., combined with stability, excellent 
electrical properties and moisture resistance are characteristics which 
establish ‘Araldite’ as the perfect potting material for transformers and 
many other electrical components. 

“Our illustrations show a Fortiphone miniature transformer for a deaf aid 
(before potting) contrasted with a 400 kV. transformer incorporating 
2,200 lb. of ‘Araldite’. 

Transformers potted with ‘Araldite’ comply with the tropical requirements 
of the Services. 

‘Araldite’ epoxy resins have a remarkable range of characteristics and uses. 
They are used 


* for bonding metals, porcelain, glass, etc. 

* for casting high grade solid insulation 

* for impregnating, potting or sealing electrical 
windings and components 

* for producing glass fibre laminates 

%* for producing patterns, models, jigs and tools 

%* as fillers for sheet metal work 

%* as protective coatings for metal, wood and ceramic 
surfaces 


Téa depends _ 
on ARALDI TE" 


‘Araldite’ PRs aauS 


‘Re ro Res earch Li mited A Ciba Company. Duxford, Cambridge. Telephone: Sawston 187 


AP264-184 
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LINKING THE OLD 


In the year eighteen hundred and sixty-six the 
ill-fated Great Eastern crossed the Atlantic to lay 
the first successful submarine cable linking the old 
world with the new by telegraph; here is one of the 
first spectacular achievements in guiding Electricity 
to the service of man. 

Just twelve months later the Company of Taylor, 
Tunnicliff was formed in Stoke-on-Trent and began 
spinning a new industry from their potters’ wheels. 


OVERHEAD LINE INSULATORS 
SWITCHGEAR INSULATORS 
BUSHES AND BUSHINGS 


WORLD 


jim 


ks 


fall) 
ell 


zs 


i. 


\\ 


WITH THE NEW 
Their destiny was to supply the insulation for the 
tenuous lines of the telegraph wires and power 
lines as they spread their webs across the country 
and across the world. 

From the beginning Taylor, Tunnicliff has been 
growing with the industry, and matching its new 
demands with porcelain insulation to guide the 
electrical force safely to its destination. 


DIE MADE ARTICLES FOR LOW VOLTAGE APPLICATIONS 


CERAMICS FOR RADIO FREQUENCIES 
REFRACTORIES FOR HEATING APPARATUS 
FISH SPINE BEADS, ETC. 


TAYLOR TUNNICLIFF AND 


Head Office : EASTWOOD, HANLEY, STAFFS. 
Stoke-on-Trent 25272-5 


COMPANY, 


London Office : 125 HIGH HOLBORN, W.C.1 


LIMITED 


Holborn 195]-2 


CHAMBERLAIN & HOOKHAM 
TYPE P 


PROCESS TIMERS 


FOR ACCURATE AND 
AUTOMATIC PROCESS CONTROL 


%* Scale ranges from 0-10 secs. up to 
24 hours. 


Settings down to 1/10 sec. 


Accuracy within 0-25 % of full scale 
range. 


+ + 


Available as single units for self- 
mounting or as complete contro} 
panels. 


* 


Any operation requiring time con- 
trol by electrical means can be 
regulated by this instrument. 


CHAMBERLAIN & HO 


BIRMINGHAM 


TYPE P PROCESS TIMER | 
CAT. SECTION 11300 


BITOL | 


THE DEPENDABLE TRANSFORMER OIL 

Dussek Bros. are the distributors for Lobitols Oil: 
fields Ltd., “‘Lobitol’’ Transformer Oil, the pioneers 
producers of transformer oil in Great Britain) 
In ‘‘Lobitol” they have provided an oil whict: 
not only generously complies with B.S‘ 


requirements but satisfies those of many 
ds foreign countries. Quality control starts at the 
ee oil wells, and guards ‘‘Lobitol”’ throughou 
refinery, laboratory and transportation. 
ae iy Lobitol quality means... 
* ~~ 4 YOU CAN DEPEND ON DUSSEK 


a 


IRE EY 


\p8 


¢ 


.. LTD. 


THAMES ROAD, CRAYFORD, KENT.* 
Telephone: Bexleyheath 2000 (5 lines) 
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In the quota of things given to every man, 
eyes are perhaps the highest in the list of importance. 
One pair for seeing, playing, working, surviving . . . a heavy task for 
such delicately balanced instruments. In a life span of seventy years the eyes are called 
upon to perform many tasks, some of which can be classified as severe. 
Mechanically, industry demands a similar service. In many cases it requires equipment 
capable of constant controlled operation under extreme conditions. 
For instance, Dewhurst & Partner are very often called upon to solve complex problems 
which demand the use of Severe Duty Control equipment. Only by close co-operation 
with the user and constant research into the features necessary to achieve 
the maximum efficiency, has this been achieved. 
Dewhurst Severe Duty Control equipment with Magnetically Operated Contactors 
are legendary for their consistent efficiency and reliability, 
and the wide experience gained by Dewhurst & Partner during many 
years of service to industry can be placed at the disposal of users 


faced with the problems of positive control of heavy duty plant. 


DEWHURST & PARTNER LIMITED 
INVERNESS WORKS - HOUNSLOW - MIDDLESEX 


Telephone: Hounslow 0083 (8 lines) Telegrams: Dewhurst, Hounslow 


and at BIRMINGHAM - GLASGOW . GLOUCESTER - LEEDS . MANCHESTER - NEWCASTLE - NOTTINGHAM 


oP 
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OIL IMMERSED | 
(Outdoor Type) , 
CONTACTOR| 


STARTERS 


The illustration is of four of sixteen outdoor weatherproof Switchboards for floating 
platform duty on Lake Maracaibo, Venezuela, consisting of Oil Immersed Starters, auxiliary 
transformer and flameproof control compartments, pumping oil and maintaining tank levels. 
Designed to withstand semi-hazardous conditions, salt spray and oil. 


We are acknowledged as pioneers of outdoor E LECTRO M ECHAN CA L 
Switchgear installations, the quality and per- MNFG. CO. LTD. 


formance is the result of over ten years of service SCARBOROUGH - YORKS. 


experience in the most severe climatic conditions 


London Office and Showroom: 
at home and abroad. GRAND BUILDINGS - TRAFALGAR SQUARE : W.C.2 
WHitehall 3530 


Associated with YORKSHIRE SWITCHGEAR AND ENG. CO. LTD. LEEDS & LONDON 


Serving INDUSTRY 


OAVENSET 


Rectifying equipment 
and 


power transformers 


(REGD, TRADE-MARK) 


Automatic 


VOLTAGE REGULATORS 


with Electronic Control 


Essential for many purposes where 
a constant pre-determined supply 
voltage is required, these Regulators 
are designed to give a controlled 
output voltage within 1% with 
input voltage 
variations up 
to plus or 
minus 10%, 
Manufactured 
for single- and 
three - phase 
loads from 5 
up to 23 kVA 
per phase. 


Serving the needs of industry the world 

over, Davenset rectifiers and trans- 

formers are chosen for their reliability 
under all conditions. 


PLU PUA AA AAA PUA AAAS 


Illustrated 
brochure free 
on request. 


PARTRIDGE, WILSON & CO. LTD., 


Davenset Electrical Works 


The ZENITH ELECTRIC CO. Ltd. 
ZENITH WORKS, VILLIERS ROAD, WILLESDEN GREEN 
LONDON, N.W.2 


Telephones. WiAsien Gets Telegrams: Voltaohm, Norphone, London AAA AAAA AAA AAA AA AACA 


MANUFACTURERS OF _ ELECTRICAL ENGINEERING PRODUCTS ih = a 
INCLUDING RADIO AND TELEVISION COMPONENTS 


LEICESTER 


AAAAAAAAAAAAAAAAAAAAA AA AAAAAA1. 


JQ Qa rama aaa 
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{ BABCOCK 
. a In tegral Furnace 


BOILERS 


Le 


(Piz) 
ee ae 


2 Artist’s impression of. 
: the new North Point B power station, 
by the courtesy of The English Electric Co. Ltd.—Engineers 
and directing contractors—and Messrs. Geo. Wimpey & Co. Ltd. 
Joint Contractors. 


for the 
North Point Power Stations 


HONG KONG 


he existing North Point power station of the Hong 

Kong Electric Company Ltd. is equipped with 22 boilers 
supplied by the Babcock organization over a period of 
more than 40 years. 


The most recent of these is the type FH _ oil-fired 
Integral Furnace boiler illustrated on the left. 


The new North Point B station, to be erected alongside 
the existing station, will have an ultimate capacity of 
180 MW and the boiler plant already ordered 
by The English Electric Company Ltd., 
to operate the first 30 MW set, comprises a 
Babcock oil-fired type FH Integral Furnace 
unit, with a capacity of 315,000 Ib./hr. MCR. 
at 625 Ib./sq.in and 865°F, arranged for 
superheat control over a wide range by means 
of surface-type attemperators. 


Type FHoil-fired Integral- 

Furnace boiler at the 
existing North Point 
power station. 


Sectional view of oil-fired 


Integral Furnace boiler. oe 
The Babcock Integral Furnace boiler, 


with oil or pulverized-fuel firing; compact, 
efficient, quick steaming and flexible in 
operation, has been selected for many modern 
installations at home and overseas. 


* Ask for Publication 1525/1 


BABCOCK & WILCOX LTD., BABCOCK HOUSE, FARRINGDON ST., LONDON, E.C.4. 


a gn 


I.E.E. PROCEEDINGS, PART A—ADVERTISEMENTS 


what’s METALLIC? 


You'll seldom see it, but in many a school or factory, 
hospital or housing estate, METALLIC conduit and 
fittings plays a prominent, if under-cover, part in the 
electrical installation. And why is METALLIC so often 
specified ? Because architects and contractors alike know 
that METALLIC is reliable, really long-lasting. Strongly 
made from good materials, it’s specially treated to 
resist moisture, chemicals, etc., while consistent accuracy 
cuts installation time to a minimum and avoids wastage. 


Wherever you go you'll find 
conduit and fittings by 


A ; 
COMPANY 


THE WETALLIC SEAMLESS TUBE CO. LTD., 
LUDGATE HILL, BIRMINGHAM, 3 


and at London, Newcastle-on-Tyne, Leeds, Swansea & Glasgow 
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play safe... 


... We don’t like to harp on 
this question, but Connollys 
Winding Wires are second to 

none. If you want a wire whic 
proves trouble-free in winding 
and does its job really efficiently, 
you'll be wise to insist on Connolly: 

Your free copy of Connollys lates: 

catalogue will be sent on request. 


5 


THE LARGEST MANUFACTURERS OF FINE ENAMELLED WIRE IN THE WOR? 


CONNOLLYS (BLACKLEY) LIMITE? 


KIRKBY INDUSTRIAL ESTATE: LIVERPOC! 


Telephone: SiMonswood 2664. Telegrams: “SYLLONNOC, LIVERPOG’ 
Branch Sales Offices: SOUTHERN SALES OFFICE AND STORES: 23, Starcra: 
Street, London, N W.1. Phone:- EUSton 6122. MIDLANDS: 15/17 Spiceal Stree 
Birmingham 5. Phone:- MIDland 2268 


Magnet wheel of a G.E.C. 
62,500 kVA Hydro- 
alternator for Aura 
Kraftanlegg, Norway. 


LAMINATIONS 


of all types, in all 
sizes and in all 
grades of material. 


FERROSIL cold- 


reduced electrical 
sheet and strip. 


ALPHASIL 


cold-reduced oriented electrical 
sheet and strip. 


RICHARD THOMAS & BALDWINS LTD. 
Cookley Works, Brierley Hill, Staffs. 
Head Office: 47 Park Street, London, W.1 
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POWER TRANSFORMERS 


BTH 45-MVA, 132/33-kV_ three- 
phase bank of single-phase 
transformers at Springfield Sub- 
station, Durban. Twelve 
of these units, plus six 
132/88-kV units of the 
same power rating, have 
been supplied to the 
Pilecitricity Supply 
Commission of South © 
Africa (Natal Under- 
taking) for the Durban/ 
Colenso Interconnector. On ee | J 
BRITISH THOMSON-HOUSTON 


Thomson-Houston Co., Ltd., Rugby, England. 


A4977 


The British 


Member of the AE! group of Companies 


Specialised Equipment 


for POWER STATIONS 


— retreat 


= 


a : 
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Condensing Plant 
Evaporating Plant 
Feed Heating Plant 
De-aerating Plant 
Pumping Plant 
Turbines for auxiliary drives 


Illustrated is a MIRRLEES Surface Con- 
densing Plant operating in conjunction 
with a 25,000 kW Alternator in a South 
African Power Station. 

MIRRLEES Equipment has been supplied 
for the Power Plants of many Electricity 
Authorities and Industrial Undertakings 


in Britain and Overseas. 
Photograph by courtesy of B.T.H. Co. Ltd. | 


THE MIRRLEES WATSON:“COMPANG 2 Citi rier: 


SCOTLAND STREET,{GLASGOW C.5 @ 38 GROSVENOR GARDENS LONDON S.W.| 


and the Carpenter Polarized Relay 


Widespread use has been found for the Carpenter Polarized ments with you. But, in any case, write or ’phone for our 
Relay in Electronic circuits of Industrial and Aircraft Brochure F.3516 “ Applications of the Carpenter Polarized 
equipment. Relay ”. 
Its ability to respond to weak, ill-defined, short-duration 

impulses of varying polarity, and its close operate/release 

differential has solved many problems of control, ampli- 

fication, impulse repetition and high-speed switching. Type 5 Suppressed 
Therefore, if you have a problem which you think could best we pees 


be solved by a polarized relay—consult us; our team of 


Engineers will be only too happy to discuss your require- 


‘Manufactured by the Sole Licensees: 


TELEPHONE MANUFACTURING CO. LTD 


Contractors to the Government of the British Commonwealth & other Nations 


"Rabe Mare 


HOLLINGSWORTH WORKS * DULWICH * LONDON S.E.21 TEL. GIPSY HILL 2211 
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Now you can be sure... 


...Of complete Earth Leakage Protection on 
Transportable Equipment... by installing Siemens 
Monitored Earth Leakage Circuit Breakers — 
certain protection against shock for all operators 
of electrical equipment connected to single or 
three-phase A.C. Supplies by trailing cable. 
Shrewdly designed by Siemens engineers, these 

_units provide a means of “monitoring” the earth- 
ing connections to portable and transportable 
tools and equipment. Should earth conductors 
become disconnected or fractured, as in the case 
of much-used trailing cables, the mains supply to 
the equipment is automatically and immediately 

- switched off, giving complete protection to the 
operator from the ever-present risk of shock 
and injury. Normal Earth Leakage protection is 
incorporated. 


The units are available for either single or three- 
phase supplies and are ready for use. 


Three-phase Unit 


Don’t rely solely on individual earthing connections 


_.. Write to us for Leaflet No. ST. 2 


iEMEN SIEMENS BROTHERS & Co. LIMITED 


Member of the A.E.I. Group of Companies 


BROTHERS 38-39 Upper Thames Street, E.C.4. 


RE(ORD GRAPHIC RE ING INSTRUMENTS 


RECORD 
GRAPHIC RECORDING 
INSTRUMENTS | 


are unable to follow current 
variations with the speed of the 
electron beam. Nevertheless, we 
are proud to claim that they are 
‘the fastest and most sensitive 
direct writing Recorders avail- 
able today. 


THE 


RECORD ELECTRICAL 


COMPANY LIMITED 


“CIRSCALE WORKS”, - BROADHEATH 
ALTRINCHAM - CHESHIRE 


AMMETERS 
MILLIAMMETERS 
MICROAMMETERS 
VOLTMETERS 
MILLIVOLTMETERS 
WATTMETERS 
FREQUENCY METERS 


Send for folder J/a 
TACHOMETERS ETC. 


€ 4590-2 


SPIRAL TUBE 


Coolers 


for the 


ELECTRICAL ENGINEERING INDUSTRY 


Water cooled cooling coil for 
Transformer. 


The result of 50 years’ specialised experience, SPIRAL 


TUBE Coolers are soundly engineered and robustly con- 


Spiral Tube Air Blast Trans- 
former Oil Cooler to dissipate 
160 kw. 


structed for long trouble-free service. Whilst standardisation 
of design is almost impossible in many in-built units, the 
Company has, by the extensive use of fabrication, ensured 
great flexibility of design to meet all requirements, and yet 
to offer rational designs at low cost. The range extends from 
cooling coils weighing a few pounds up to multiple section 


installations weighing several tons. 


Water cooled closed 
circuit Air Cooler for 
Alternator. 


Write NOW for fully illustrated literature 


Water cooled Transformer Oil 
Cooler for power station to 
dissipate 200k.w. and cooling 
200 gal. oil min. 


THE SPIRAL TUBE & COMPONENTS CO. LTD., OSMASTON PARK ROAD, DERBY 
Head Office: Honeypot Lane, Stanmore, Middlesex. Tel.: Edgware 4658/9 


Tel.: DERBY 48761 (3}lines) 
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DRAWOUT STEEL TANK 
RECTIFIERS 


Easy to INSTALL 
INSPECT 
AINTAIN 


MeTIIE GENERAL ELECTRIC CO. LTD., MAGNET HOUSE, KINGSWAY, LONDON, W.C.2 
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APART! 


Modern production methods allied to techniques developed 
during nearly eighty years’ manufacturing experience and 
backed by comprehensive testing equipment, 

ensure, beyond any suspicion of doubt, the complete 
satisfaction of all who specify DOULTON INSULATORS 


Address enquiries to Dept. HA 


@™@ POULTON INDUSTRIAL PORCELAINS LIMITED | 


Af ROYAL DOULTON POTTERIES, WILNECOTE, TAMWORTH, STAFFS 


HIGH VACUUM CENTRIFUGAL PURIFICATION & DEHYDRATION 
STANLOW. 


OF INSULATING OILS AT THE SHELL REFINERY, 


| | 


Photo: Courtesy “Shell” Refining & Marketing Company Ltd. , 


Good oil deserves a good finish! No matter how 
manufacturing method, Insulating Oil is certain to behecaied a 
service if it contains the slightest trace of impurity. Shell use hed: 
De Laval Centrifugal Insulating Oil Purifiers to ensure that their oil as, 
delivered 1s absolutely free from dissolved or dispersed water and | 
from suspended solid matter. After this treatment the oil retains | 


CENTRIFUG very high breakdow i i i 

AL Ms gah n voltage for long periods, either in storage or’ 

OIL PURIFYING of capagiln forthe tearnenr ar ga Pmoe Sarr manicured i wide ag | 
[ : v oils and oils in transformers and swi 

E Q UIP M E NT on or off load, Our Oil Equipment Division will be pleased to Noche urinal 


discuss your particular problem and recommend the most suitable equipment 


(OIL EQUIPMENT DIVISION) ALFA-LAVAL GO., LTD., GREAT WEST RD., BRENTFORD, MIDDX., Tel: EALing 0116; 


m9 “a eB tere 
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BRENTFORD 


or greater safety 
ind reliability... 


RENTFORD TRANSFORMERS LTD., 

nnounce anew range of dry (oil-less) 

‘ansformers using glass, ceramics 

nd other similar inorganic materials 

mpregnated with silicone resins. 
This latest development in transformers 
offers greatest ever safety for:— 


Atomic Energy Establishments — Chemical Works — 
Oil Refineries — Explosives Factories — Blocks of Flats 
— Schools — Passenger Vessels — Tankers — Coal 
_ Mines — Radio, Radar and Television Stations — 


Underground Railways. 


RENTFORD GREEN SEAL 
SAFETY TRANSFORMERS 


offer all these advantages:— 


Safest transformers ever developed 


@ 
@ No fire or explosion hazard 
: Two t j j 
@ Carry the lowest fire insurance rates ypes are available in 
a range of sizes 
-@ Least affected by water 
@ Exceptionally high overload capacities : Voltage 
@ Minimum maintenance — even in highly (aatilaten) Up to 3,000 Up to I5 kV 


contaminated areas Class GNH 
i (Sealed in Up to 2,000 Up to I5 kV 


Nitrogen) 


END FOR FULLY DESCRIPTIVE 
BROCHURE 


BRENTFORD TRANSFORMERS LTD. 


Telephone: Crawley 25121 


anor Royal - Crawley - Sussex 
Cc 
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for ewery 


SERCK RADIATORS LTD. 
Warwick Road, Birmingham, I1 


SERCK TUBES LTD. 
Warwick Road, Birmingham, II 


Rartways throughout the world are lookin; 
to the diesel locomotive as the key to their 
economic recovery. British locomotives and 
rolling stock figure largely in re-equipment 
schemes, and supporting constructors of 
diesel locomotives the Serck organisation 
provide an unequalled service with com- 
prehensive cooling systems. 


Sectional radiators, oil coolers, transmission 
coolers and pressure charge air coolers are 
numbered amongst products which have 
been supplied for many years and which are 
now coming into service in the newly 
equipped railways. 


Two Setck double-bank sectional radiators 
ate fitted to each of the 48-1100 h.p. diesel- 
electtic main line locomotives built by Metrce- 
politan-Vickets using Crossley engines for 
W. Australian Government Railways. 
Sections of each radiator are provided for 
cooling the engine jacket water, lubricating 
oil and the water circulating in the Serck 
scavenge air cooler. 
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Air-break switchgear 


power station auxiliaries 
incorporating ‘ISOLECTOR’ 


ISOLATING BRIDGE 
CONTACTS ENGAGED 


CABLE 
CONNECTIONS 


BUSBAR 
CONNECTIONS 


ISOLATING BRIDGE 
CONTACTS ISOLATED 


* ENGLISH ELEcTRIC’ Class ‘E’ Air-break 
Switchgear incorporating ‘Isolector’ represents 
a great advance in switchgear practice. 


With the ‘Isolector’ mechanism it is no longer 
necessary to withdraw the truck from the 
cubicle to isolate the breaker. Isolation facilities, 
together with the cable earthing switch fitted to 
each unit, are all readily operated from the fool- 
proof interlocking gate at the front of the unit. 


The ‘ Isolector’ mechanism simplifies busbar 
selection in duplicate busbar units. These 
are available in the same cubicle dimensions as 
single busbar units. 


A mimic diagram provides mechanical circuit 
indication and is clearly visible with the door 
open or closed. 


The ratings for Class ‘EK’ Switchgear are: 
Breaking Capacity- 150 MVA at 3.3 kV, 
Maximum service voltage - 3,300 volts, Max- 
imum current rating - 2,000 amps. The gear 
is housed in a handsome, dust-proof cubicle 
and has excellent main and multi-core cabling 
facilities. 


ENGLISH ELECTRIC 


“THE ENGLISH ELECTRIC Company LIMITED, QUEENS HOUSE, KINGSWAY, LONDON, W.C.2 


Switchgear Department, Liverpool 
WORKS: STAFFORD ‘ PRESTON *‘ RUGBY - BRADFORD * LIVERPOOL + ACCRINGTON 


 SGL.23 
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67, 


AND AT GLASGOW, 


(Exxxyin) 


O ELECTRICAL OILS 


WAKEFIELD-DICK 


INDUSTRIAL OILS LIMITED 


GROSVENOR STREET, 


* LONDON .-. W.I 


Telephone: Grosvenor 6050 Telegrams: ‘Dicotto Phone London’ 


STANLOW, NEWCASTLE-ON-TYNE, 


BRANCHES’ AND AGENCIES THROUGHOUT 


THE WORLL 
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BOLD ‘A’ POWER STATION 


C.E.A., North West, Merseyside & 
North Wales Division 


Consulting Engineers; 
MERZ & McLELLAN 


OUR Yarrow pulverised fuel fired boilers are 
being installed at this 120 MW Station. Two 


are already in service and the second pair will 


YARROW 
be commissioned in 1957. Each boiler has a 
ee @ ] p L His R S$ continuous maximum rating of 300,000 Ib. of 


steam per hour at a pressure of 625 lb. per sq. 


inch and a final steam temperature of 865°F. 


Yarrow & Co. have been designing and building 
Water Tube Boilers for almost seventy years. 
They are fully equipped to supply complete steam- 
generating plant in a range of designs to suit 


any operating conditions. 


YARROW 


AND COMPANY LIMITED - SCOTSTOUN GLASGOW 


HE Hackbridge and Hewittic Electric Co. Ltd. has 
Hoa long and extensive experience in the manufacture 2 
of water cooled and other types of Transformers, up to. 
the largest sizes, for hydro-electric power distribution. | 

_ HACKBRIDGE Transformers have established an_ 
unrivalled reputation for reliable service in world-wide 
hydro-electric installations, with operating conditions 
ranging fram the tropical heat of East Africa to the 
extreme cold of Northern Canada. : 


HACKBRIDGE AND HEWITTIC ELECTRIC CO., LIMITED 
~~ WALTON-ON-THAMES - SURREY - ENGLAND. 
Telephone : Walton-on-The mes 760 (8 lines) Telegrams : “* Electric, Walton-on-Thames te 


OVERSEAS REPRESENTATIVES :—ARGENTINA: H. A. Roberts & Cia., S.R.L., Buenos Aires. AUSTRALIA: Victoria, Hackbridge and Hewittic Electric Co. Ltd. 


| 
171 Fitzroy Street. St. Kilda; N.S.W.; Queensland; West Australia: Elder Smith & Co. Ltd. South Australia: Parsons & Robertson Ltd., Adelaide. BELGIUM & i 
LUXEMBOURG: M. Dorfman, 5 Avenue des Phalenes, Brussels. BRAZIL: Oscar G. Mors, Caixa Postal 1280, Sao Paulo. CANADA: Hackbridge and Hewite Electric ; | 
-, Santiago. , 


Co. of Canada Ltd., Montreal; The Northern Electric Co. Ltd., Montreal, etc. CEYLON: Envee Ess Ltd., Colombo. CHILE: Ingenieria Electrica S.A.C. 

EAST AFRICA: Gerald Hoe (Lighting) Ltd., Private Bag, Nairobi. EGYPT: Giacomo Cohenca Fils, S.A.E., Cairo. FINLAND: Sahko-ja Koneliike O.Y. Hermes, 
P. Esplanaadikatu 37, Helsinki. HOLLAND: J. Kater, E.I., Ouderkerk a.d Amstel, Amsteldijk Noord 103c INDIA: Steam & Mining Equipment (India) Ltd , Calcutta; 
Easun Engineering Co Ltd., Madras, 1. IRAQ: J. P. Bahoshy Bros., Baghdad. MALAYA, SINGAPORE & BORNEO: Harper, Gilfillan & Co. Ltd., Kuala Lumpur. 
NEW ZEALAND: Richardson, McCabe & Co. Ltd., Wellington, etc. PAKISTAN: James Finlay & Co. Ltd., Karachi. SOUTH AFRICA: Fraser & Chalmers (S.A.) 
(Pty.) Ltd., Johannesburg. RHODESIA: Fraser & Chalmers (S.A.) (Pty.) Ltd., Salisbury, etc. THAILAND: Vichien Phanich Co. Ltd., Bangkok. TRINIDAD & TO- 
BAGO: Thomas Peake & Co., Port of Spain. TURKEY: Dr. H. Salim Oker, 43 Posta Caddesi, Ankara. URUGUAY: H. A. Roberts & Ci 


Hackbridge and Hewittic Electric Co. Ltd., P.O. Box 234, Pittsburgh 30, Pennsylvania; Electro Machinery Corporation, 50 Broad Street New York, 4. 


a, S.A.U., Montevideo. U.S.A.: H 
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Lodge-Cottrell precipitators have been 


installed at these modern stations 
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(to the order of 


Babcock and Wilcox Ltd.) 


CARRINGTON 
POWER STATION 


LODGE-COTIRELL LTD., GEORGE STREET PARADE, BIRMINGHAM 3, - Tel. Central 7714 (5 lines) 


| el aceea Beane South Africa: Australasia: : : 
Senet incenigae Conseil, Avenue des Sorbiers, J.H. Vivian & Co, Ltd., P.O, Box 301, Johannesburg, F.S. Wright, 465 Collins Street, Melbourne, Australia. 
Anseremme-Dinant, Belgium. South Africa. ee 
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No waiting on odd dates 


Or on even dates either. Once you are in 
touch with Henley Eager Beavers, things 
really start happening. Your slightest wish is 
their instant command. Urgent orders for 
rubber and plastic cables are delivered with 
astonishing promptitude. Nothing %s 
allowed to be any trouble at all. 28 Branches, 
all with large stocks—that’s what really 
makes it worth while to buy from Henley’s. 
And, as a bonus, there is the deep-seated 
eagerness of the Hager Beaver spirit. 
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HENLEY WIRING CABLES FROM STOCK 


ped and Braided 

sulated and Sheathed 

ne Insulated and P.V.C. Sheathed 
isulated Tough Rubber Sheathed 
nsulated Lead Alloy Sheathed 

le Cords—Rubber and Plastic 


range of cables and wires we manufacture, to cover every electrical need. 


CABLES CARRY THE CURRENT 


OF arrornTueNT 10 
WER MAJESTY THE QUEEE 
FLECTRIC CABLE 
Bameracteacas 


W. T. HENLEY’S TELEGRAPH WORKS CO. LTD., 51-53 HATTON GARDEN - LONDON -: ECI - Tel: CHANCERY 6822 


The Institution is not, as a body, responsible for the opinions expressed by individual authors or speakers. 
An example of the preferred form of bibliographical references will be found beneath the list of contents. 
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By E. WILKINSON, Ph.D., B.Eng., Member. 


H “STRAW FOR THE BRICKS’”’ 
(Asstract of Address delivered at ABERDEEN 7th March, and DUNDEE 8th March, 1956.) 


. ° 
| It is hardly necessary to restate the need for expansion of the The Report summed up these criticisms in rather non-committal 
\facilities for technical education and training, and the purpose terms without denying them. 


‘of this address is rather to examine the means by which an ade- It may reasonably be concluded from this and other evidence 
| quate number of university and college entrants with suitable that further expansion cannot be achieved by an arbitrary lower- 
) qualifications may be found, especially in Scotland. ing of entry standards, without endangering the quality of 
graduates from existing courses. This does not, however, pre- 
Previous University Expansion clude the possibility of changing the entry conditions or even 


i ia th e universities throughout the country there has already of lowering them if, in suitably planned courses, the deficiencies 
| been considerable expansion since the war, and the technological can be made up. 

student population has about doubled. Sufficient time has now The School Output in Scotland 

elapsed, since this expansion occurred, to make an estimate of its 


‘qualitative success worth while. This may be done in various Mab les Lash ys) (Nek tice: ss See ane ies ye co 


Leaving Certificate. In order to satisfy the requirements of 


She quality of graduates may be assessed by comparing the university entrance, a candidate must have either four higher 
“proportion gaining honours degrees in technology to those Table 1 

obtaining pass degrees. In 1939 this ratio was 1-04. In 1952, 

in spite of larger classes, the ratio rose to 1-4 and remained ScoTTisH LEAVING CERTIFICATE. Passes IN 1954 

at about that figure for the following years. In addition Higher grade Lower grade —> (Number of subjects) 

there was an appreciably higher proportion of success in post- 1 0) 1 2 37k"; 4 5 
graduate study. Taking this evidence at its face value, one can 0 224 252 169 106 25 
only conclude that quality has improved as well as quantity. 1 87 233 361 340 135 12 
‘The evidence must, however, be taken with caution because the z - me a pa = si 
increased numbers taking the longer honours or additional 4 84 499 346 27 1 ie 
courses cannot be entirely dissociated from the more liberal 5 296 537 148 18 1 — 


financial support now available for continued study. Satisfactory, 2836. Nearly satisfactory, 1376. Not satisfactory, 2244 

Some statistics of bursary awards in Scotland show that in one ; ; 
recent year there were 1573 first awards to universities and that passes or three ‘highers’ and two ‘lowers’. If the fact that 
400 were terminated because of unsatisfactory progress. The entry to specific study also depends upon having passes in the 
failure ratio was as high as 29-6% for boys and 164% for girls. tight subjects be ignored then 2836 qualify. The number of 
Awards were also made for attendance at central institutions, those who are deficient in only one subject amounts to 1376, 
where the stricter educational and marking discipline reduced or nearly 507% as many as the qualifiers. These must be con- 
the wastage by a factor of about three. Evidently there are sidered as potential recruits to technical or other courses. 


‘many students who, although qualified, are either unable or There were 2 854 entrants to Scottish universities in 1953, and 
unwilling to perform the work of the courses. the similarity of this figure to the number of qualifiers illustrates 


' The Report of the Committee on Scientific Manpower, the known fact that there is not much wastage at this stage. The 


published late in 1955, put forward the views of industry on the wastage occurs earlier, at 15 or 16 years of age. 
quality of the graduate output, and many of those consulted There appear to be three ways of increasing the available entry 


expressed criticism of the candidates they had interviewed. of boys to technological courses: 


i i le school ve school at an 
- Dr. Wilkinson is Head of the Electrical Department at Robert Gordon’s College, @) By Eanes that fewer able boys lea 
Aberdeen. early age. 
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(ii) By diverting talent which would otherwise pass into different 
educational streams, such as the arts. ; 

(iii) By making use of candidates of slightly poorer qualifications and 
supplementing their preliminary education where necessary. 


The first two of these may be achieved by an intensification of 
the information services, including personal contacts, printed 
pamphlets, films and television, which should not only inform 
the schoolboys of the careers from which they may select but also 
start them correctly on the right road. There is still inadequate 
knowledge that the engineering profession offers a life of great 
interest and unlimited scope. The view that reading the history 
of past civilizations is necessarily of more cultural significance 
than writing that of the present or planning that of the future 
needs to be dispelled. 


Recruitment to Universities 


During the academic year 1952-53 and the following year 
there were about 14.000 registered students in Scottish universities, 
or 0:28 % of the population of the country. In England during 
the same two years there were about 62400 students attending 
the universities, or only 0:16% of the population. Scotland 
may claim to be 75% ahead of England in providing places, and 
the ratio is even higher when the comparison is limited to 
technology. 

It is also of interest to compare the efficiency with which the 
native raw material is used. Of those born in England in 1935, 
about 2:72% survived to enter a university about 18 years later, 
while in Scotland about 3-25°% succeeded in doing so. 

An analysis of the 1952 entry to Scottish universities demon- 
strates that the four chief cities sent 3-:3% of their age groups 
to the university; the mainly industrial areas, only 1:9%; the 
mixed industrial and rural areas, 2°5°%; and the rural areas, 
4-1%. Those in outlying districts are apparently well aware of 
the educational facilities, though the proportion of engineering 
students from these areas is small. The proportion entering the 
faculty of arts was almost identical from all four areas, being 
about 43%. The ‘technologies’ account for the following pro- 
portions of the respective groups: 24°2%, 21-8%, 21:3% and 
17:6%. The rural areas offer fewer students of technology, and, 
since agriculture and forestry are included in the total and may be 
expected to predominate, few remain for engineering. It is in- 
teresting to note that, in contrast, the rural areas provided the 
highest proportion of pure scientists, the figures being respectively 
SOV Odes ale rand en 4017s 

The small entry from the industrial areas is noteworthy. It 
is perhaps to be expected that, when local employers offer sufficient 
vacancies, a boy may be tempted to start work direct from school 
instead of continuing his studies. 

The same symptom appears when figures relating the student 
population of various universities to the population of the uni- 
versity city are considered. The number of ‘local students’, i.e. 
those whose homes are within 30 miles of the university compared 
with the population of the city itself, is very low for certain 
industrial towns. Thus, while Edinburgh and Aberdeen provide 
4-7 local students per 1000 of the population, Cambridge 3-9 
and Oxford 3-0, yet Bristol accounts for only 1-8, Nottingham 
1-3 and Birmingham 1:1. 

It has been suggested that perhaps 4000 early-leavers from 
school would benefit by staying to take advanced courses in 
mathematics and science. Reviews such as these help to show 
where some of the talent may be found and where encourage- 
ment might usefully be given. 


Women as Engineers 


There is a possibility which has hardly been mentioned in this 
country. In the past, recruitment of women to the engineering 
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profession has been virtually negligible, but a good case cal 
be made out for their employment. Very few girls have studiec 
with the object of becoming engineers, and of these many hays 
left industry on marrying. Many engineering posts could wel 
be filled by women, who are potentially good material to trait 
as engineers. The statistics of bursary holders at university anc 
college show that their performance is in one respect better thar 
that of the men. 

Their performance in the Scottish Leaving Certificate and the 
General Certificate of Education also compares favourably witt 
that of the boys. It may be noted, however, that relatively fev 
girls pursue a scientific higher school education. It is reasonable 
to suggest that this arises from the limited opportunities availabi 
in the past and ignorance of the possibilities which the future 
may hold, perhaps especially in the engineering office and th: 
development laboratory. 

If women are to be successfully employed as engineers ther 
must be a minor social revolution to encourage many of them % 
continue work after marriage, since only thus is their training 
economically justifiable. Blocks of service flats, fully equippec 
with modern labour-saving devices, might offer one form 9 
practical encouragement. The scale of financial rewards arc 
advancement could also be designed in various ways to encourags 
continued working. 


Early School-Leavers , 


Some of the early school-leavers commence an apprenticeshij 
and enter part-time National Certificate Courses. In the pas 
this has been a recognized and popular method of qualifying fo: 
membership of the professional institutions. The courses = 
study leading to membership of our own Institution have nex 
been extended, and a purely part-time education can no longer b: 
regarded as satisfactory, since it would take far too long. Iti 
to be expected, therefore, that those with ability will seek transie 
to alternative courses. 

Universities could well consider accepting a high-level pass r 
the Ordinary National Certificate as a suitable entrance qualifica 
tion. Entry at Higher National Certificate level hardly seems t: 
be wise, since those who have reached this standard are alread: 
virtually a finished product and the university largely reprocesse 
the student to reach a similar standard. On the other hand, 
bare pass at Ordinary Certificate level is not satisfactory sinc 
this appears to be the ceiling of attainment of so many. «# 
present only about one-third of the candidates for the Ordinar: 
Certificate successfully proceed to the Higher Certificate Course 


National Service 


There is another way of increasing forthwith the usefulness ¢ 
our young technologists, namely by granting complete exempti 
from National Service to those who have graduated from colleg 
or university courses. Neither the Services nor the engineer i 
training appear to benefit greatly from the present arrangemen: 
and training for industry is severely handicapped. 


University or College Courses 


It may fairly be assumed that, in some or all of these way) 
increased numbers of trainees may be forthcoming. Not all « 
them will attend universities, and many will proceed to centri 
institutions. The Higher National Diploma Courses no longe 
meet the new requirements of The Institution, without conside: 
able modification. These courses were originally intended f¢ 
entrants from industry, but they have largely been supported t 
school-leavers who have narrowly failed to qualify for a uni 
versity course. There is every reason now for such schoolbo» 
to be encouraged to remain at school until they have complete 
their university entrance qualification. 


YEAR OF BIRTH 
42 43 44 45 46 47 48 49 5O 51 S52 


a UNITED 
KINGDOM 
LAN ee 


1940 41 


THOUSANDS OF LIVE BIRTHS 
a 
fo} 
(2) 


Ss 1958 59 60 61 62 63 64 65 66 67 68 69 70 
YEAR IN WHICH THE AGE OF 18 WOULD BE 
ATTAINED 


Fig. 1 


In England there is now a general agreement that six-month 
dwich courses lasting 4-5 years have special merit, and the 
3ystem has already been widely adopted by the larger concerns. 

t is to be hoped that a high standard of entrance can be set, 
‘perhaps even as high as for university entrance. The prospects 
for sandwich courses of a similar kind are not so bright in 
Scotland. First, far more of the prospective students are already 
‘provided for in universities than in England. Secondly, the 
jadolescent population is increasing at a slower rate. The ‘bulge’ 
jis relatively smaller in Scotland, and the birth rate seems to have 


ij 
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settled down at a level about 7% below that in England on a 
scale assuming parity eighteen years. ago (see Fig. 1). 

There are no electrical or mechanical industries in Scotland on 
the scale of those in England and covering such a wide range of 
manufactured products, but there are a number of first-rate firms, 
most of which already run apprenticeship schemes for graduates 
and others. Very recently these firms have formed a committee 
to plan a broader training course, offering widely varied experi- 
ence by a pooling of their facilities. An apprentice who has had 
experience in a number of these establishments should be 
adequately trained, and a Certificate of Apprenticeship, vouched 
for by the Scottish Electrical Industries Training Scheme, should 
rank high. Indeed it may be hoped that action by this Com- 
mittee may induce a few more Scots to take up engineering. 

If a sandwich scheme were launched in Scotland on the English 
model it would provide an opportunity for National Certificate 
students and for some of those who, in the past, would have taken 
a three-year Higher National Diploma Course. 

The advantages of a university course in respect of breadth of 
study suggest that every effort should be made to ensure that, if 
a student is likely to benefit by a university education, he should 
be admitted. At present every student who wishes to enter a 
Scottish University must have passed in English at the higher level, 
whatever he proposes to study, and this requires a knowledge of 
literature. It will be generally agreed that a command of English 
is essential for an engineering graduate, but it is surely unreason- 
able to require a knowledge of literature as a condition of entry 
to a science faculty. It would be more logical for the Scottish 
Universities Entrance Board and The Institution, whose demands 
are the same, to limit their requirements to a pass in the English 
Language paper alone. 

This has been a critical appraisal of the material with which 
the industrial Britain of the future must be built, and particularly 
of the contribution to be made by Scotland. Britain cannot 
afford to lag behind its competitors in technological recruitment, 
and any proposals which may assist, even partly, in solving the 
problems of education and training merit serious consideration. 
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R POWER—THE DEVELOPMENTS OF THE NORTH OF SCOTLANE 
Se ed pee ie HYDRO-ELECTRIC BOARD 


‘By To VAWRIEP GC. BEA RS.Es M.A., M.I.Mech.E., Member 


, j a d before the SOUTH- 
rst receiv in revised 9th June, 1955. It was published in September, 1955, and was rea 
shied Pes eee ee ee ee NorTH-WESTERN CENTRE 3rd January, Tue INSTITUTION 5th Rite? He NoRTH- 
EASTERN CENTRE 23rd January, and the NoRTH SCOTLAND SUB-CENTRE af ABERDEEN 11th April and at DUNDEE 12th April, : 


SUMMARY 


With hydro-electric schemes in the Highlands, amenity and the 
preservation of salmon fisheries are of great importance. Fish passes 
and hatcheries have been built and water falls have been opened. 

There is a dam of pre-stressed concrete and the use of wet ground 
blast-furnace slag cement in a large gravity dam is a promising 
development. 

Over 100 miles of tunnel have been driven and work is in hand on 
about a further 30 miles. 

The largest individual water-turbine output is 40 MW and the 
highest head of water employed is 1 362 ft. 

For the year 1955-56, the hydro-electric plant capacity is about 
634 MW and the annual output about 1620 million kWh; the coal 
equivalent of this output is about 960000 tons, or over a fortnight’s 
production of the Scottish coal pits. The 1955-56 output of electricity 
is likely to be doubled in the ensuing ten years. 

In 1948, one-half of the total population of the supply area, including 
93 % of the farms and 99 & of the crofts, were without electricity supply 
mains. A series of comprehensive distribution schemes are being 
carried out and half the farms and crofts and seven-eighths of the 
population are now supplied. 

There is scope for developing 2000 MW of pumped storage in the 
Highlands between, say, 1961 and 1975, and developments in the 
remoter future could be much greater. 


(1) INTRODUCTION 

The North of Scotland Hydro-Electric Board was set up in 
1943 under the war-time Coalition Government by an Act 
piloted through Parliament by the then Secretary of State for 
Scotland, Mr. Thomas Johnston. For 14 years previously no 
hydro-electric scheme had been successfully promoted in Scotland 
although a half-dozen different promotions had failed and, as the 
late Lord Cooper—trecently Lord Justice General and President of 
the Court of Session—pointed out in his famous Report in 1942, 
the whole subject had become involved in an atmosphere of 
grievance, suspicion, prejudice and embittered controversy. 
With the object of making a fresh start, the Cooper Report 
recommended that a public Board be set up to carry out future 
water-power development and that safeguards be provided both 
for public and private interests. Provision was accordingly 
made in the Act that hydro-electric schemes should be published, 
and there should be an Amenity Committee and a Fisheries 
Committee to advise the Board and the Secretary of State, that, 
if necessary, a public inquiry should be held, and that each scheme 
should be laid before both Houses of Parliament for 40 days, 
during which time a motion could be made for its annulment. 

The development of water power in the Highlands of Scotland 
is the principal duty of the Board, but it was also made 
responsible for the distribution of electricity in the West High- 
lands and the Islands, where no supply authority was operating, 
and in 1948 it became responsible for distribution in that part 
of Scotland which lies north and west of the Firth of Tay and the 


Mr. Lawrie, who died on the 13th August, 1955, was with the North of Scotland 
Hydro-Electric Board. 


The paper was read at the meetings by Mr. A. A. Fulton and Mr. C. L. Allan. 


Paper No. 1909 § 
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Firth of Clyde—part mountainous, part crofting, part agri- 
cultural—about three-quarters of the land area of Scotland, and” 
containing one-quarter of the population of the country (see 
Fig. 1). The Board also operates steam stations at Dundee and 
Aberdeen, and Diesel stations in some of the Islands where water 
power is not available, and it is experimenting with an oil- 
fired gas turbine, the development of peat as a gas-turbine fuel. 
and with wind power, so that the variety of prime movers Is 
considerable. 

The Board is unique in one respect, which is of particular 
importance to a sparsely populated area like the Highlands: it i 
required to collaborate as far as its duties and powers permit 
in measures for the economic development and social improve 
ment of its supply area; so it is not solely an electrical Board 3 
it is also a social and economic reconstruction and welfare. 
Board whose operations must be of a thoroughly practicai 
nature, for it has to make ends meet. i 


a 


(2) WATER POWER—OLD AND NEW 


It is interesting to glance back at the water-power developments ; 
of the past. Modern water turbines are a product of the lasi| 
60 years or so, but the old mill wheels were the foundation of| 
many a country industry. There were, for example, 43 mills: 
along the course of the River Leven in Fife, which flows out of: 
Loch Leven, famous for its trout fishing, and the many industries: 
served by that power included spinning-mills, bleachfields, corn-- 
mills (Several in each class), two sawmills, a wool-mill, a flour-mill, 
a lint-mill, a snuff-mill, a distillery, a flint-mill, and a foundry.’ 
Probably the most famous of the old wheels were at the Mills: 
of Catrine in Ayrshire and Deanston on the River Teith in: 
Perthshire. The former was built in 1827 and contained two: 
large wheels operating on a fall of 48 ft (originally divided into: 
two stages of 24ft each) and producing 250h.p. at a speed of! 
2r.p.m.; in 1863 the speed was increased to 3r.p.m. and the 
power to 500h.p. They were replaced in 1947 by an electric 
drive. At Deanston, four large wheels, 36ft in diameter, weret 
installed shortly after 1807. They produced 400h.p. and con- 
tinued to run until 1951. 

Before the Hydro-Electric Board came into existence the 
principal water-power developments in Scotland were the 
industrial developments of the British Aluminium Company at 
Foyers, Kinlochleven and Fort William, producing an aggregate 
of 111000kW of d.c. energy with an annual output of about 
600 million kWh and three public supply schemes, namely the 
Grampian Scheme, promoted in 1922, the Lanarkshire Hydre- 
Electric Scheme, promoted in 1924, and the Galloway Scheme: 
promoted in 1929. Their aggregate capacity amounts tc 
188000kW producing a.c. energy amounting to about 
593 million kWh per annum. 

Most modern hydro-electric schemes consist of a dam tc 
impound and store water, a tunnel to convey the water througt! 
the mountains and a power station where water turbines anc 
electric generators turn the water power into electricity. Occa: 
sionally, however, the dam and power station may be combinec: 
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Fig. 1.—North of Scotland Hydro-Electric Board. 
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in one structure which extends across the river valley, and no 
tunnel may be needed. Often there are subsidiary works for 
diverting additional water into the catchment area; sometimes, 
although more often in the past than nowadays, pipelines are to 
be seen running down the hillside to feed power stations, and 
sometimes the power station is built deep in the bowels of the 
earth, vertically below the dam, and the function of the tunnel 
is simply to carry away the tail water. However, there is much 
to be done before a hydro-electric scheme reaches the construc- 
tional stage. First comes the preliminary surveying, then the 
various works have to be considered. The line for a dam is 
governed by the narrowest or most economical site which can be 
secured with good rock foundations. Similarly, the line for a 
tunnel must traverse good rock, if possible, and if the tunnel is 
a long one there are advantages in being able to get in at inter- 
mediate points so as to drive it from several faces at once. Where 
a power station is concerned, good foundations are again of 
great importance and questions of access and transport of heavy 
machinery must be considered. 

The preparation of a scheme, however, involves more than 
surveying and deciding upon sites for the works. In the first 
place, amenity is of great importance. Concrete power stations 
may be ugly and there are questions of design and of material— 
stone or brick and roughcast with a whitewash finish, for example. 
Surface pipelines must be avoided, if practicable, and in all these 
matters the Board are helped by the Amenity Committee. 
Secondly, there are salmon; these are of great importance and 
are discussed in Section 2.1. 


(2.1) Salmon and Hydro-Electric Schemes 


One of the most interesting aspects of water-power development 
is its interrelation with salmon fishing and the stock of fish. 
Salmon are migratory. They spawn in the gravel of rivers and 
streams in November, and the young alevins hatch out in the 
spring, and after spending the first two years of their lives»in 
fresh water, they migrate downstream to the sea. At that stage 
they are called “smolts” and are between five and six inches 
long. The next 1-4 years are spent in the sea, and not much is 
known about that period of their lives. Then, with the urge 
to return to breed, the salmon approach land again and swim 
along the coast seeking the river in which they were born. At 
that time, they are of importance to the commercial net fishings 
along the coast and in the estuaries, and most of the market 
supplies are caught there. The salmon which escape the nets 
are said to detect by some mysterious means the taste or chemical 
composition of the water they once knew, and swim up the rivers, 
giving good sport as they go; they travel with immense determina- 
tion for many difficult miles upstream, past rapids and even 
waterfalls of considerable height, to the remote gravel patches 
where, in November, they spawn and start the life cycle over 
again. 

Hydro-electric schemes may affect the salmon in at least four 
important ways. If a dam is thrown across a salmon river, a 
fish pass must be provided. If a reservoir floods out the gravels 
which have been used by spawning fish, care must be taken either 
to see that sufficient alternative natural spawning is available or 
that a hatchery is provided. If water is taken away from its 
natural course through a tunnel to a power station, compensation 
water must be let down so that fish life can be maintained, and, 
finally, the smolts must be able to migrate downstream to the sea 
past those hydro-electric works which interfere with the normal 
flow of water. 

The fish passes which enable salmon to surmount dams have 
gradually been developed from the simple “slap” in a mill dam 
through various types of what may be described as a staircase 
or ladder of pools to the modern pass, invented by Mr. Borland 
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of Kilmarnock, in which fish are first attracted into the bottom 
end of a large pipe on the downstream face of a dam; the outlet 
of the pipe is then closed and as water continues to pour in, the 
level rises and the fish rise effortlessly with it until they have 
reached the upstream end and can swim on into the reservoir. 

At Pitlochry, on the River Tummel in Central Perthshire, there 
is one of the best-known fish passes of the pool type. The water 
level rises 18in from each pool to the next, and each pool is 
connected to the next by a submerged pipe. Glass windows 
have been let into the sides of two pools so that the fish can be 
seen as they swim up (Fig. 2); at times when there is a big run 
of fish, over 200 have been seen to come up in a single day, and 
during each of the seasons 1951-1954 the total number which 
went up was in the neighbourhood of 5500. They were counted 
by watchers but, in addition, an electric counter has been devised 
which, after two years of experiment, gives very accurate results. 
and can even discriminate between salmon of over 61b and grils 
of under 6lb, and between ascending and descending fish. The 
counter works on the Wheatstone bridge principle, the slight 
difference in resistance between plain water and water with a fish 
swimming past being multiplied by electronic means to provide 
enough power to operate a cyclometer counter. The discrimin:- 
tion between fish of over and under 6lb depends on the dit 
ference in resistance with the smaller fish being less than witt 
the larger ones. Two counters a few feet apart are used arc 
ascending fish naturally cause an impulse in the lower one first an¢ 
descending fish in the upper one first. | 

In two cases already, hatcheries have been built, one for tie 
River Garry in Inverness-shire, and one for the tributaries ol 
the River Conon in Ross and Cromarty. The fry, when they 
hatch out, are distributed widely in the neighbouring rivers an¢ 
lochs, so that they will have the best chance of finding food anc 
of avoiding predatory birds and fish. In two other cases—er 
the River Conon in Ross and Cromarty and the River Lochay 
near Killin in Perthshire—waterfalls at present impassable << 
salmon are being opened up so as to provide access to new 
stretches of river for spawning and thus make up for stretche: 
elsewhere which are to be submerged by new reservoirs. 

Although falls on the Conon are now opened up and fry are 
also being planted out to establish a new run of fish, the young 
smolts will still face the hazard of predatory fish in Loch Luichar1 
and other smaller lochs which they have to pass through on thet: 
way to the sea. Heavy attacks have therefore been made on 
predatory fish in these lochs and in three years, 5656 pike: 
33495 perch and many eels have been destroyed. 

While some waterfalls are impassable to salmon, it may be o: 
interest to say what height of fall they can ascend. They succeec 
in large numbers in getting up the Falls of Shin in Sutherlandshire 
when the water has lost its spring chill and the volume coming 
over the Falls is not too great. The height of the jump there: 
depending on water conditions, is probably about 7ft. A still 
higher jump is at the Falls of Orrin in Ross and Cromarty where: 
when conditions are right, the fish actually get up about 10 ft. 

When salmon have surmounted the hydro-electric dams ane 
have spawned, the young smolts have to migrate downstrears 
to the sea, and if the pressure in the turbines of a hydrox 
electric station is not too high, the smolts pass through withou: 
damage; the flow of water through the machinery is smooth, bu: 
the spaces between the turbine blades and between the vanes o: 
the guide apparatus must obviously be wide enough for safety, 
Smolts for some 16 years now have been going through turbine: 
with a pressure of 120ft head of water in Galloway in South! 
West Scotland. They have also successfully withstood labora: 
tory tests at about 1001b/in?, roughly equivalent to a 200 ft heaa 
of water. The Hydro-Electric Board has three power station: 
through which salmon are allowed to pass. These are at Morar 
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where the head is 17ft, at Pitlochry where it is 55 ft, and at Torr 
Achilty where it is 45ft, so the margin of safety is substantial. 
Where, however, the pressure in the turbines is high, the 
smolts would probably not survive the passage and screens are 
required at the intakes of tunnels to keep them out and to guide 
them towards the fish-pass entrance where they can safely 
\descend. These screens have to be of large area so that the 
speed of the current of water through them does not exceed 
about 1 ft/sec; that is slow enough to avoid much risk of the 
smolts being pinned to the screens by the speed of the water and 
killed. 
, (2.2) Dams 

_ Usually in these hydro-electric schemes, the spectacular works 
are also those of greatest technical interest. The highest dam in 
Scotland, for instance, is the Sloy dam, 168ft from base to 
spillway, and the first of the buttress type to be built in this 
country. The Mullardoch dam—part of the Affric Scheme—is 
ithe most massive, being of the solid gravity type 2385 ft long 
and 116ft high and built so that its centre is over what was once 
a rocky island at the outlet of the loch. 

That particular rocky island had an interesting link with the 
past, because on it were discovered some old foundations. The 
young engineer who found them thought they were the founda- 
tions of an anti-aircraft gun and he wondered why they should 
‘be placed in that remote and mountainous spot. An older man, 
‘a native more versed in local lore, however, was able to tell him 
that they were all that was left of the last illicit still in the 
neighbourhood. 

“There are three more dams of the buttress type, one at Glen 
Shira in Argyllshire near Inveraray, one in Glen Errochty in 
Central Perthshire and one at Lawers near Killin, Perthshire. 
This buttress type of dam not only has a fine and strong appear- 
ance, but is of particular advantage in these times because the 


design enables a substantial tonnage of cement to be saved. 
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i ° : . 
| Fig. 2.—A salmon and some smolts in the fish pass at Pitlochry. 
r Published by kind permission of the Scottish Field. 


There is still more novel and economical development in dam 
construction in Glen Moriston in Inverness-shire, where blast- 
furnace slag is ground wet and mixed with cement by the Trief 
process, as has been recently done at the Bort Dam in France. 
This process has the double advantage of effecting about a 60% 
economy in cement and making use of the slag which was 
hitherto of little commercial value. 

In addition, however, with the object of saving still more 
cement, the Board build rockfill and earthfill dams. The 
largest rockfill dam is at the outlet of Loch Quoich in Glen 
Garry, Inverness-shire. Its maximum height is 122ft and its 
length 1 100 ft. 

The latest type of dam which the Board are constructing is the 
prestressed concrete dam at Allt na Lairige in Glen Fyne, 
Argyllshire (Fig. 3). It is the first time that a new dam has 
been built on this principle, although it has already been adopted 
abroad for heightening existing dams. The dam will have a 
maximum height of 73 ft and a length of 1 375 ft, and the “‘pre- 
stressing” is provided by groups of steel rods which hold the 
dam down to the rock with less expense than mass concrete. 


(2.3) Tunnelling 


When tunnelling began on the Hydro-Electric Board’s works, 
immediately after the war, a start had to be made from scratch 
since very little tunnelling had been done in the country for many 
years and there were very few trained tunnellers left. As the 
various contracts have proceeded, however, a steadily increasing 
number of men have gained experience. The length of tunnels 
driven by 1955 totals over 100 miles, and work is in hand on a 
further 30 miles. They vary in size from the Clunie tunnel at 
Pitlochry, which is 23ft in diameter and 2 miles long—the largest 
water-conveying tunnel in the country—to 6ft 7in tunnels on the 
Striven Scheme near Dunoon, which are about the smallest size 
suitable for the working convenience of men and machinery. 
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Fig. 3.—Cross-section of the pre-stressed concrete dam on the 
Allt-na-Lairige, Glen Fyne. 


Tunnelling is now carried on by lightweight drills, originally 
perfected in Sweden, which can be handled by one man and 
rates of driving frequently exceed 200 ft/week; in three cases, in 
tunnels of about 10ft diameter, more than 400ft have been 
driven in a week, the present record being 444ft. The accuracy 
of tunnel-driving is a matter of professional skill which members 
of The Institution can well visualize for themselves; the way in 
which the engineers light-heartedly start boring from both ends 
and invariably meet in the middle warrants a tribute of admira- 
tion. It was not always so. 

There is an apocryphal story that, when the citizens of Carthage 
wished to drive a tunnel to bring in a new water supply, they 
started from both ends and the time came when the men working 
at each tunnel face could hear the muffled hammering of the 
men at the other face. Excitement rose, but as time passed, 
the noises grew fainter again and they ended with two tunnels 
instead of one. 

We are on firmer ground, however, with the story of another 
classical engineer who was more successful. Herodotus relates 
that the Greek engineer Eupalinus in the sixth century B.c. 
organized large water supplies; he drove a tunnel 4240 ft through 
limestone rock to supply the town of Samos. The tunnel was 
8 ft square and was driven from both ends. When the two 
headings met, the error was only one yard. 
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Another tunneller was King Hezekiah who, according t 
2 Kings, chapter XX, verse 20, and 2 Chronicles, chapter XXXII 
verse 30, constructed an aqueduct from the River Gihon. ’ It le 
to the pool of Siloam and is still in existence, and according to; 
Hebrew inscription, it was driven from both ends; they were no 
quite meeting but they were very close; the workmen in eacl 
heading could hear the others and they drove a short traverse an 
joined up successfully. 


(2.4) Power Station Buildings 


Power-station styles have not been stereotyped. Those a 
Sloy, Pitlochry and Clunie (Fig. 4) are of classical style and facec 
with reconstituted Aberdeen granite. Those at Affric an 
Grudie Bridge, Glascarnoch, Luichart and Tor Achilty, furthe 
north, have been built by local masons of sandstone from loca 
quarries, three golden yellow and two red, while at Kirkwe! 
native whinstone has been used to build a Diesel generatin; 
station. The smaller hydro-electric stations for local supply 4 
the remoter Western Highlands have a rural simplicity, steey 
pitched roofs, and a finish of rough local stone or whitewashe« 
roughcast. There are underground stations at Shira on Loel 
Fyne, St. Fillans and at Ceannacroc and Dundreggan in Glo 
Moriston. 


(2.5) Control of Water 


Rainfall is heavy in the Highlands. It varies from abou 
40 in in the east to 140 in in the west in an average year, and con 
ditions vary widely from day to day, week to week, and month t 
month. Occasionally, a whole month may pass with hardly aa 
rain, or there may be a deficiency of 50% over a 3- or 4-mont! 
period; on the other hand, heavy rainfall has been experiences 
varying from 3in to 8-9in in four days over the whole strete! 
of the Western Highlands from Sloy on Loch Lomond % 
Loch Fannich in Ross-shire, while on one occasion in a smak 
area at the head of Loch Quoich, 10in fell in 22 hours. Com 
drought or come flood, the demand for electricity must be mez 
and consequently the dams are built to store very substantia 
quantities of water ranging from about 20% to 60% of a year* 
rainfall. This storing of water also helps considerably to reduc 
the damage due to flooding lower down the glens and straths. 

Different countries have different storage problems. i 
countries like Canada, Scandinavia, and Switzerland, severe an: 
prolonged freezing weather in winter creates the need for a hig: 
percentage of storage, not so much because of ice on the reservoit 
as because run-off from the catchment areas dwindles almost t) 
nothing. In hot countries, on the other hand, an increase in thi 
level of a lake may involve a large increase in surface area an‘ 
correspondingly greater losses due to evaporation. In thi 
Highlands the variation in average run off between winter an: 
summer corresponds quite closely with the variation in electric 
load, and this helps to offset the disadvantage of smaller rive 
systems and makes the water power of the Highlands particular? 
suitable for general public supply (Fig. 5). 

The statement that the seasonal variation in run-off corresponé 
with the seasonal variation in electrical load might seem to H 
contradicted by the extremes of high and low rainfall mentione: 
earlier in this Section. Experience shows, however, that althoug 
rainfall may vary enormously from month to month, these Jare: 
short-term variations are considerably smoothed off in the cours 
of the calendar year. Taking average figures for Scotland as | 
whole, rainfall has not since 1881 fallen below 80% of averag 
or risen above 129% of average in any one year. It would na 
do to assume that the figures for individual catchments in tl 
Highlands show such small divergence, as there have indeed bee 
occasional individual deficiencies of 30% or thereby; but witi 
the aid of reservoir storage plus the flexible use of steam power 
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hey can be reasonably well overcome. The relationship between 
-ainfall and run-off is too specialized for discussion here, but the 
owo have a fairly close resemblance. 

l (2.6) Water Turbines and Electrical Generators and Plant 

| Hydraulic conditions vary widely, because the production of a 
hydro-electric scheme is related both to the volume of water 
available and to the head through which it is developed. Con- 
sequently, water turbines and water turbo-alternators are much 
less standardized as to size and speed than steam turbines or 
Diesel engines. The extremes of design which have so far been 
‘adopted in the Hydro-Electric Board’s scheme are as follows: 

i The highest individual turbine output is 40000 kW, produced by a 
"vertical Francis turbine and alternator in the Clachan power station 


of the Shira Scheme on Loch Fyne. The gross head of water on this 
| machine is 960 ft and it runs at 428r.p.m. 

The maximum head employed is 1 362ft in the Lawers Scheme, 
where the power station contains one 30000kW _ 375r.p.m. hori- 
zontal-shaft alternator driven by double overhung Pelton wheels. 

At Invergarry power station there is a 20000kW 250r.p.m. 
| vertical-shaft Kaplan turbine operating under the unusually high 
| head of 175 ft. 

Transformers and switchgear are of standard types, but a 
word should be said about transmission. Tn the Highland Grid, 
‘transmission is outwards to the north, east, and south from hydro- 
electric stations, as these are mainly in the central and western 
‘mountains. The most interesting Grid line runs from Fort 
Augustus across the Corrieyairack Pass at a maximum height 
‘of 2507ft on the route of General Wade’s road between 
Dalwhinnie and Fort Augustus, and rather unexpectedly, there isa 
132kV line from Beauly to Caithness in the far north with a 33kV 
‘connection reaching as far as John o’ Groats where, during the 
severe snowstorms of February, 1955, a linesman and transformer 
were dropped by helicopter. The next interesting development 
‘is expected to be a line at 275kV from Beauly to Kintore in 
Aberdeenshire to supply the growing agricultural and industrial 


demands of the north-east of Scotland. 
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i Fig. 4.—Clunie power station (Perthshire). 
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Fig. 5.—A comparison of the variation of load and the variation of 
run-off of rainfall. 


(2.7) Production of Hydro-Electric Power 
The Hydro-Electric Board has been in existence for 12 years. 
During the first six years surveying and construction were under 
way; the first schemes were set to work in 1950 and progress can 
be summarized as follows: 


1949 1950 
(Pre-war (First 
Grampian year of new 1955/56 
stations, etc.) schemes) (Estimated) 
Capacity, kW tue 87 000 285 000 634 000 
Energy generated per annum, 
kWh x 106 ae A 322 §22 1620 


The rate of water-power production in 1955-56—in terms 
which are easily understood—is equivalent to about 960000 tons 
of coal per annum, or over a fortnight’s production of the 
Scottish coal pits. If regarded as a saving of imported coal at 
£6 per ton, it will represent a dividend to the country of 
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£5760000 per annum of foreign currency. When the schemes 
now under construction and survey are operating—say in another 
ten years—the production will double the 1955-56 figures, being 
about 1300000kW and 3600 million kWh per annum, and 
beyond that the total potential capacity of the Area—not all of 
it economic by present-day standards—might treble that again. 
The river systems which have considerable power resources 
harnessed or being built or surveyed are: 


Capacity in operation, and under 
construction and survey 


Energy per sonra 


River system kW kWh x 10) 
Tay (including Tummel and Lyon 
and Earn) .. ~ a .. 392000 1133 
Ness (including Garry and Moriston) 109000 376 
Conon (Ross-shire) . . ae 107 000 435 
Beauly (including Affric and Farrar) 133000 471 
Findhorn... Zs : 150000 500 


Mention must also be made of the small schemes for sup- 
plies in remote areas. They include water-power schemes to 
supply Ullapool and Lochinver, Gairloch and Aultbea, 
Lochalsh, Skye, Morar, Kintyre and Bute, while, in addition, 
Diesel-engine generators supply Arran, Islay, Lewis and South 
Uist in the Outer Hebrides, the Orkney and Shetland Islands 
and the County of Caithness. These small local schemes are 
collectively of great value in bringing modern amenities to 
isolated places. 


(2.8) Amenity 


It is sometimes feared that the results of all these hydro-electric 
schemes will be that rivers will disappear from the Highlands and 
only dried-up river beds will be left. There are one or two cases 
of dried-up river beds, dating from the 1920’s before the days of 
the Hydro-Electric Board when roads were poor and tourists 
fewer and people cared less about these things, but nowadays 
compensation water is almost always considerably more than the 
summer dry-weather flow. In addition, many amenities have 
been improved. The old ‘‘Road to the Isles’? along Loch 
Tummel, for example, has been made suitable for motor traffic; 
the road up Strathglass and Glen Affric has been rebuilt, and 
an independent authority—the Council for the Preservation of 
Rural Scotland—says that the prospect up Glen Affric has been 
improved by some 100%. Finally, the great amenity of elec- 
tricity in the home, the croft and the farm has been brought to 
tens of thousands of dwellers in the countryside and the remote 
glens and islands and that is, without doubt, the greatest con- 
tribution to amenity which the Board have made. 


(3) DISTRIBUTION OF ELECTRICITY 


When the Hydro-Electric Board became responsible for elec- 
tricity distribution in their present Area in 1948, the larger towns 
such as Aberdeen, Dundee, Perth and Inverness, were already 
supplied, and so were the towns and most of the larger villages 
of the north-east coastal strip. The number of people who were 
still without a supply, however, was about 600000, or just one- 
half of the total population of the area, and the great majority 
were widely scattered in the sparsely populated country districts. 
Only one farm in 14 and one croft in 100 were connected to the 
mains, whereas the proportion in the rest of England and Scotland 
was nearly one farm in three. There was therefore much leeway 
to catch up, but the task was important because the Area not 
only produces but also exports food ona large scale. Agriculture, 
the oldest and most important industry in the world, is also by 
far the most important industry in the area. Now, at the middle 
of 1955, the stage has been reached when two-thirds of those 
600000 who were still waiting for a supply have been connected 
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to the mains. The proportion of farms and crofts connected u 
has risen to 45°%, and this progress has been spread from th 
Island of Lewis in the west to the good farmland of Aberdees 
shire in the east and from the Peninsula of Kintyre in the sout 
to Shetland in the north. Obviously, the most difficult part « 
the task still remains to be done, because the people who hay 
still to be connected to the mains live in the remoter parts of tt 
countryside which are more costly to reach. Nevertheless, 

large programme of work on comprehensive rural distributie 
schemes is already in hand, and before the end of the preset 
decade should bring the number of farms and farm-worker 
cottages on supply up to 75 or 80%. The importance of th 
development can hardly be exaggerated. Electricity is worth 4 
extra hand about the steading for the farmer; it is worth a pa 
of hands for the farmer’s wife in the home, and it is becoming a 
essential requirement for farmworkers’ cottages to encourés 
them and their wives to stay ontheland. The growth of deman 
in the country districts has been remarkable: farming deman 
increased by 35% during the year 1953-54—and in the whole « 
the Board’s Area, including the towns and cities, the increa: 
between 1947 and 1954 has been 225%. | 


(4) ECONOMIC DEVELOPMENT AND SOCIAL 
IMPROVEMENT OF THE BOARD’S AREA 


The direct effect of the Board’s activities on their Area is 1 
provide work, to help agriculture and industry, to impro» 
amenities in the home, and to market water-power—one of +t 
great resources of the Highlands—for the benefit of the Area. 

Developments, however, have also been encouraged in 
number of other directions, examples of which are mentions 
in Sections 4.1-4.5. 


(4.1) Building in Stone 


Practically all the Board’s power stations and about 85 stz 
houses are being built in stone. For power stations and othi 
large buildings, the cost has been sometimes a little cheaper ar 
sometimes dearer than building in reinforced concrete, whi 
houses at this early stage have also been somewhat dearer. TI 
great advantages, however, have been the improved appearan: 
of the buildings, the durability of the houses and, above all, ti 
fact that a native industry is being encouraged. Work is providd 
for local masons and quarrymen and the money is all spent az 
circulated locally, a far better alternative than buying import 
bricks and other scarce building materials, which would simp 
lead to greater depopulation of the North. 


(4.2) Gas Turbines and Peat 


A10000 kW gas turbine of the closed-cycle type is being instal! 
at Dundee. It is similar to one which is being installed in Paz 
and is unique in Great Britain. It will run on oil. This; 
expensive, but it has paved the way to running a similar type: 
turbine on pulverized peat, and on coal. If success can 
achieved in the economic combustion of peat, it will indeed be : 
great importance to the Highlands. The difficulties are co 
siderable, principally because peat in its natural state contai 
90% (or more) of water and only 10% (or less) of solid cop 
bustible material. The technical problems of pulverizing a: 
burning the peat once it has been dried, however, have alrea: 
been largely overcome, and a 2000kW turbine is being built f 
installation on a peat bog at Altnabreac in Caithness. When t! 
difficulties of winning and drying the peat are also overcome, t' 
way will be opened not only to the use of peat for power produ 
tion, but to the uncovering of many acres which are now of lit’ 
value for farmland or afforestation. | 


(4.3) Wind Power 


i The Board have an experimental 100 kW wind-driven generator 
;~ Costa Head in Orkney which has already worked and 
onerated electricity, although not yet on a commercial basis. 
he problems of building a machine which will not only operate 
jatisfactorily in winds of moderate strength but will stand in gales 
f hurricane force are not easy to solve. 
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Z (4.4) Grass and Hay Drying 


i‘, Experiments in electrical grass and hay drying have been 
larried on for some years and promising results have been 
;btained on farms and crofts in various parts of the Board’s 
jsrea. Owing to humidity it is necessary to heat the air which is 
jlown through the hay, and the cost of the treatment amounts to 
‘bout £12 per ton. The enhanced value of the dried grass or 
ay, however, justifies this expense, the protein content being 
acreased usually from about 6% to about 11°4— One. of, the 
a reports which the Board have received reads as follows: 


| One of the crofters reported that he had a cow which had doubled 
| its milk yield being fed exclusively on electrically dried hay. He 
would not concede that all this 100°% increase could be due to dried 
| hay; he preferred to leave it as a “phenomenon he cannot 
| understand.” 


(4.5) New Industries 


 Hydro-electricity benefits the North of Scotland, but the 
ndustrial lowlands also have a stake in this enterprise. They are 
‘sontributing much of the material and equipment for the Board’s 
Hevelopments. Encouraged by the Hydro-Electric Board, a new 
-ndustry—that of the building of large water-turbines and elec- 
‘rical generators—has been brought to Clydeside. This industry, 
which started by supplying the requirements of the Board, has 
expanded until it is now building on a large scale for export. A 
wide variety of hydraulic machinery, cranes, cableways, trans- 
formers and electrical machinery is being made in Edinburgh, 
undee, Aberdeen, Kilmarnock and other places. 

In short, the Board is doing its best by the provision of 
work, the development of agriculture and the increase of manu- 
os to help to stem depopulation and to lay a foundation 
upon which prosperity can be built. : 
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| (5) PEAK LOAD POWER 
Three-quarters of the hydro-electric power produced by the 
Board is consumed in its own supply area at about average load 
factor, and a quarter is exported to South Scotland as peak load, 
the present supply being 215000kW at a load factor of about 
15%. Water power is well adapted for peak-load supplies, 
because it can be switched on or off at the turn of a tap and 
because the capital cost does not increase much with increased 
plant capacity, no extra expenditure being required at the dam, 
‘and the extra cost of a larger tunnel being relatively low. 

Full advantage was taken of these facts in the Board’s first 
large scheme, the Sloy Scheme, which is situated near Loch 
Lomond, less than 40 miles from industrial Clydeside, and 
thas a capacity of 130000kW at a load factor of about 10% 
(Fig. 6). Another peak-load station is Errochty, part of the 
‘Tummel-Garry Scheme in Central Perthshire, with a capacity of 
75000kW, also at about 10% load factor. 

Eleven years ago, when these schemes were being considered, 
it was thought that further peak-load development would only 
be gradual. The recent prospect of rapid nuclear power develop- 
ment, however, arising from the recent Government decisions 
and the desirability of running modern high-pressure high-tem- 
perature steam stations at loads as steady as practicable, bring 
the peak-load question into new prominence, and seem likely to 
call for pumped-storage peak-load schemes on a substantial scale. 
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Fig. 6.—Sloy power station—four 32 500 kW vertical-shaft 
machines. 


(6) PUMPED STORAGE 
The basis of pumped storage is that at night, when demand for 
power is low, water is pumped from a low-level reservoir to a 
high-level reservoir and during the day it is allowed to flow back, 
producing power when most needed at times of peak load. 


(6.1) Past and Present Schemes 


The Board is already installing an experimental 5000kW 
pump in the upper Shira power station, so that in wet weather 
surplus water can be pumped back from the lower dam into the 
main reservoir, and the Central Electricity Authority are including 
a 300 MW pumped-storage scheme in their Welsh Hydro-Electric 
Scheme. 

Some pumped-storage schemes have been in operation in 
Europe since the 1930’s, and one is being built in Canada at the 
Niagara Falls to harness more power at night which would 
otherwise go over the Falls, as there is no storage in the river. 

Attempts were made in 1935 and 1936 to promote the Sloy 
Scheme as a pumped-storage scheme, but they did not succeed, 
and when it came to be promoted by the Hydro-Electric Board 
in 1944, although pumping was considered, the alternative of 
bringing in additional water by aqueduct from neighbouring 
catchments was adopted. 


(6.2) Future Schemes 


Pumped-storage schemes are economic in conjunction with 
coal-fired power stations because they provide peak power at low 
capital cost and enable the steam stations to be operated more 
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economically at a steady load; with the development of nuclear 
power-stations, which apparently have to run at a steady load by 
day and night, pumped storage may be of value on a very 
large scale. 

It is estimated, in the recent White Paper, that 10000- 
15000 MW of nuclear power and 2000-4000 MW of hydro- 
electric power and pumped-storage power may be commissioned 
by 1975, and the possibilities which are considerable in the 
Highlands are being examined. In addition to the normal 
development of water power, it may be desirable to develop 
up to 2000 MW of pumped-storage in the years between about 
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Sir Charles Westlake: It is a sad thing that Mr. Lawrie is not 
here to-night. Behind the factual statements in the paper there 
emerges the character of the man. In this paper—I think it is 
almost unknown for such a thing to occur in an Institution paper 
—there is a touch of humour. Mr. Lawrie was much more than 
an electrical engineer. He believed in electricity as a great social 
service and he was determined to see the benefits of power taken 
to the remote areas in the North of Scotland. 

He had to face, as Mr. Fulton will have to face, severe eco- 
nomic problems; the more they try to get to the outlying parts, 
the more difficult it becomes. In 1929, in a very much smaller 
way, I had to face the same problems in Dumfriesshire, where a 
population of only 60000 was spread over an extremely wide 
area. At that time we had a remarkable County Clerk. I was 
quite orthodox, having been trained to demand the guarantee 
fees from every consumer, but the County Clerk said: ‘No. If 
there is a deficit on the County Council undertaking, it must be 
borne by the ratepayers, and therefore the ratepayers must get a 
supply of electricity, wherever they are in the county, and with 
no guarantee whatever.’ 

I was shocked, but I have lived to applaud that decision. My 
successor in Dumfriesshire, Mr. J. S. Pickles, who made such a 
brilliant success of the job, found that, from the commencement 
of supply to the time he was ‘elevated’ never was a loss 
experienced. 

The paper covers a long period of development—over 170 
years—but I enjoyed, among other things, the brief description 
of how the story began in the North of Scotland, and I have 
often felt that the early days of public supply in this country 
have never been properly recorded. Those who have reached 
maturity in the supply industry have missed the many fascinating 
stories which pioneers of our industry could have told. 

The North of Scotland Board has been fortunate in the leaders 
ithas had. In the days when controversy raged over the country 
and there were cries of the desecration of the countryside, they 
had a difficult problem, but they saw the need for the preserva- 
tion of the salmon, as we have already heard. There must 
have been a fisherman on the Board. Certainly I know from 
experience that the Electricity Commissioners had a warm 
sympathy for the people there. The Commissioners not only 
desired the development of electricity supplies but were in- 
terested in Scotland for its own sake and for the preservation of 
its natural beauty. I refer to Lord Hurcomb and the late Sir 
John Kennedy. I gather that the controversy has now practically 
ceased and that tourists find that the work of the North of 
Scotland Board has created new beauties. 

I was interested to read about the salmon leap. During the 
construction of the Owen Falls dam, the supply of water had to 
be limited at Ripon Falls, and the fish in the turbulent water 
were as thick as sardines in a tin. The inference has been drawn 
that this barrier, which has been flooded since the completion 
of the Owen Falls dam works, has prevented fish from ever 
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1961 and 1975. Suitable sites are more prevalent in the High- 
lands than elsewhere, so that even 2000 MW might be only a first 
stage with considerably greater developments to follow in the 
remoter future. Loch Sloy itself would provide a suitable and 
economical site; new tunnels and reversible pumping station 
would be required, but the dam already exists and on that) 
scheme alone it would be technically possible to develop 
2000MW. So large a development would naturally present a 
number of problems, and if so much power were to be developed 
there, it would presumably be done in stages, coupled with the, 
appropriate development of transmission. 


| 
passing from the Nile into the lake, and my successor, Mra 
Fenton, may have to face the problem of getting fish over the 
dam. 

Water control is a fascinating subject, but it is a topic whic 
never gave the slightest anxiety in Uganda. With an area of 
some 30000 square miles in Lake Victoria, it seems that the 
question of supplies of water will never be a problem. 

Mr. T. G. N. Haldane: Much of the energy produced from 
the hydro-electric developments in the North of Scotland is nov 
required for local consumption, but the remainder can, 
experience has shown, be accepted at very low load-factor by the 
industrial South with less difficulty than at one time appeareci 
likely. Broadly speaking, it is generally advantageous to develer 
hydro-electric power at the lowest possible load factor, arc 
hydro-electric plant is the most efficient means of meeting peak 
loads. 

As the North of Scotland system develops, it will becomal 
increasingly necessary to achieve maximum integration of hydroy, 
electric and thermal power. One important way of achieving 
this integration is by means of pumped-storage schemes, for) 
which exceptionally suitable sites are available in the vicinit¥ 
of Loch Awe and Loch Lomond. Special advantage accrues 
from superimposing pumped-storage on ordinary hydro-electriad 
schemes, where both top and bottom reservoirs will be availabidy 
and where penstock costs will be incremental. . 

Further valuable integration can be obtained by the provision} 
of a relatively small amount of pumping capacity wherever thi 
is possible. Such plant will be used to maintain reservoir leved 
rather than to operate on a pumped-storage cycle. 


including increased flexibility in the operation of ordinar} 
hydro-electric schemes. In general, the closest possible inte: 
gration of thermal and hydro-electric plant is very advantageou 
to both thermal and hydro engineering. 

Mr. J. D. Peattie: In the 1943 Act the Hydro-Electric Boara| 
were made responsible for the generation of electricity by wated. 
power or other means. Their primary duty is to provide supplied 
of electricity to ordinary consumers. A secondary duty is ¢1 
supply electricity to the Central Authority. 

The duty of the Central Authority is somewhat different. Thes 
are called upon to develop and maintain an efficient, co-ordinate: 
and economical supply of electricity within their own area ar 
for that purpose to generate or require supplies of electricity. I} 
part the supplies required come from the Hydro-Electric Boar¢ 3 

The duties imposed by Parliament call for compromise 
engineers working out details. i, 

The conception of load factor applied to generation require) 
examination. The amount of coal which can be economicalll 
used at a given site is fixed in much the same way as the energ! 
which is available from a catchment area. 

In this country the total amount of all interconnected plan) 
is, after allowance for availability, equal to the total load. It | 


! ubtful whether in fact this is the best solution to the problem. 
, may be that in some cases extra output capacity could with 
vantage be installed. 
h This posthumous paper adds another chapter to the history of 
cottish hydro-electric power development. It is a proud record 
|nged with sadness so far as The Institution is concerned. 
The monuments to the work of the pioneers are scattered over 
‘cotland where the people’s savings have been transformed into 
pssets fashioned by local craftsmen. The value of these assets 
will remain despite the relentless advance of inflation, and the 
en and women of the islands and glens have now offered to 
‘hem those gifts which a supply of electricity can bring. 
The Rt. Hon. Lord Hurcomb: I am glad to have the oppor- 
unity of intervening in this discussion upon an aspect of hydro- 
lectric schemes which is probably very rarely, if ever, brought 
|o your mind and which arises directly out of the paper. I 
jave always been interested in the problem of the conservation 
lof Nature, and naturalists throughout the world have become 
/ncreasingly disturbed at the immense loss and destruction of 
areas and of life of great biological interest through interference 
vith the regime of rivers—what is called correction, including 
sanalization and revetments of the banks—and through the con- 
struction of dams, usually, although not always wholly, for the 
jgurposes of generating electricity. 
pel will not take up time in dealing with what are called the 
menity questions, because I take the view that, given proper 
care, many of the schemes can add to the beauty of the scene, 
peonsidered merely as landscape. That has been well recognized 
‘in Scotland, and it can be said of some schemes abroad that the 
landscape has not only not suffered but has often been improved. 
' Wor will I take up time with the very important and interesting 
“question of dealing with migratory fish. That, again, is well 
| understood here, and I am always proud to think that the North 
‘of Scotland Hydro-Electric Board has led the way to a solution 
‘of that problem. 
_ But those are aspects which are easily understood—aspects 
in which I think it is fair to say that the North of Scotland 
-Hydro-Electric Board has set an example which is appreciated and 
which has been of great help to me in discussions with some of 
my foreign colleagues in the International Union for the Pro- 
‘tection of Nature, to whose work I should like to refer in a 
» moment. 
_ What is disturbing to naturalists is the much wider question 
of the interference with Nature, not in the sense of one or two 
particular creatures or plants but with Nature in its wider sense. 
, Nature does not consist of a few creatures or plants existing in 
isolation from one another, but of an immensely complex asso- 
ciation of all sorts of plant life and animals, vertebrate and 
_ invertebrate, closely related to the soil and intimately connected 
with one another, and the naturalist does not want to see all 
that obliterated. I need not go into the reasons for that; I must 
_ask you to take it that the opportunity of studying those forms 
of life and that association are of immense importance and 
_ interest to naturalists everywhere. 
_ The International Union for the Protection of Nature has 
devoted a great deal of time to these problems. Two or three 
_years ago there was a meeting in Caracas, Venezuela, when 
a long series of papers on the subject was read. I have had 
the honour of editing these for the Union and they have now 
been published. It would interest many of you to look at them. 
They include some papers by eminent engineers, particularly 
one by Semenza, an Italian engineer known to many of you. 
Until recently I think it has generally been true to say—and I 
hope you will take no offence if I put it this way—that the 
engineer has been not very sensitive even to the claims of amenity 
and landscape unless he has had them forced upon him. The 
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reasons are obvious. He is thinking mainly of technical diffi- 
culties and economy. He has not been sensitive at all to the 
biological consequences of what he does. 

On the other hand, some of the naturalists have gone to the 
other extreme, making insufficient allowance for the economic 
and technical necessities of the scheme; they may have seemed 
impractical to you. That is not the position of the Union at all. 
There are very few schemes to which it has felt it necessary 
to object out-and-out, although there have been some. The 
classic instance is that of the Swiss National Park in the Lower 
Engadine—an area of unique interest to naturalists because it 
is almost the only part of Europe which, broadly speaking, 
has not suffered the interference of man for centuries. It was 
set aside for that very reason by a public Act of the Swiss 
Government. A fight is now going on between those who want 
it to be used as an area for the development of electricity and 
those who want to keep it as a unique area in Europe. 

That apart, you may take it that naturalists, and certainly the 
Union with which I am connected, wants to be practical, and what 
we have argued is that it should be possible to avoid or mitigate 
a great deal of the biological loss which arises from the con- 
struction of hydro-electric schemes by proper consultation at 
the right stage between the engineer and the biologist. That is 
a policy which I have strongly urged upon my colleagues, and I 
have found support for it in the action of the North of Scotland 
Hydro-Electric Board. 

First of all, in that case our law has provided for an Amenity 
and a Fisheries Committee. Secondly, the Board had the good 
sense to use, as their public relations officer and adviser in these 
matters, a biologist of distinction, Dr. John Berry, who recently 
read to the Glasgow Philosophical Society a paper on the theme 
which I am putting forward. 

They found, in constructing one scheme, that a very rare 
species of rush—not a very exciting plant, but in fact it has been 
found only at that spot—was growing on the side of a slope 
which they intended to submerge; and the Board reconstructed the 
habitat of that plant further up the hillside. 

This very useful example of enlightened action has gone all 
round the world among naturalists as the kind of thing which the 
promoters of hydro-electric schemes ought to be prepared to do. 
I do not see why it should not be done. The policy which I 
should like to see adopted by all organizations and. authorities 
charged with the development of hydro-electricity is that of 
employing as adviser an independent biologist of standing who 
could make a comprehensive survey of all the alternative schemes 
and point out beforehand what are likely to be the biological 
consequences of various courses of action. Although he could 
not always have what he wished, he would, I am sure, be able to 
secure compromise action in many directions which would be of 
very great value. 

The sort of interference which can cause serious biological 
damage is very well described by Dr. Berry in the paper which 
I have mentioned. First of all, there is the diversion of water 
from one natural catchment basin to another. If there is a 
marked chemical difference between the waters, the results may 
be quite disastrous. There are all the alterations in the run-off 
and water-table, both above and below the dam, which can have 
profound results. 

Not all the consequences are necessarily adverse. From the 
point of view of my particular interest in bird life, to say nothing 
of being a fisherman, the construction of a new reservoir may 
provide new habitats of great interest. Broadly speaking, how- 
ever, the biological consequences of your constructions can be 
serious, and I think it should be accepted policy on the part of 
engineers to take biologists into consultation at the earliest 
possible stage. It is no use bringing them in afterwards or, as 
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some people would say, hiring a specialist in order to support 
what has already been decided. 

The International Union is meeting in Great Britain for the 
first time at Edinburgh, in June, and many of them are very 
much interested in seeing what has been done in Scotland, not 
only in the matter of fish passes but generally in this connection. 
We shall indeed have much to show. 

I can only deplore that Mr. Lawrie himself will no longer 
be there to show them round. We had his sympathy and I know 
we have that of Tom Johnston. I am sure my friends will get 
every help and assistance from Mr. Fulton. 

The questions to which I have referred are part of a very big 
issue. The whole face of the world, let alone that of this country, 
is changing almost under our eyes. Natural life of immense 
interest is being obliterated or lost in many directions. I am 
sure that you, as scientific people, can come to some accommo- 
dation with the biological sciences and do something to meet 
their point of view. I do not suggest that this is a very grave issue 
in this country, but it is so in many parts of the world, in fact in 
almost every part of the world, including Central Europe. I 
am glad to think that we have in the North of Scotland a good 
example of how these matters can be intelligently and wisely 
tackled. 

Mr. R. W. Mountain: In Section 2.5 we are given average 
rainfall figures and the variations from the average in different 
years. I wonder whether Mr. Fulton would be able to tell us 
the effect or the consequences of the drought which occurred in 
Scotland last year. Taking one year with another, I imagine 
that these difficulties arising from shortage of water are to be 
expected and are part of the balance of the economy of hydro- 
electric schemes in Scotland. 

In Section 2.6 there is a reference to a vertical-shaft Kaplan 
turbine at the Invergarry station. I was hoping to be able to 
say that it had been put into commission, but I gather that a few 
more days may elapse before the set is actually commissioned. 
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It would have been appropriate if I had been able to make that 
announcement. ] 

In Section 3 a point arises to which Mr. Peattie has referrea 
in a slightly different context. I wonder whether Mr. Fulto 
could tell us what is the capital expenditure of meeting thes¢ 
rural supplies in the North of Scotland, per consumer. It may 
not be possible for him to give the figure at the moment, but 
perhaps he could give, roughly, the percentage of it which is, i 
effect, a subsidy of that supply. 

Turning to pumped-storage schemes, I imagine reference will 
be made to the Festiniog scheme, mentioned in Section 6, bul 
an important scheme from the point of view of the Hydrod 
Electric Board is the Sloy scheme, also mentioned. I gather 
that the proposal may be for a first installation of 600 MW, ang 
the possibility has been explored of pumping units perhaps 0’ 
100, 125 or 150 MW—i.e. 3-machine units: a pump, a turbingy 
and a combined motor-generator. 

I should like to pay my personal tribute to the inventive genr 
of Sir Edward MacColl, the first executive officer, and to tix 
integrity of Mr. Lawrie, his successor, who carried on the same 
high tradition. . 

Mr. M. Braikevitch: Would Mr. Fulton please say under wae q 
head the pump-storage he refers to will be developed? 

The 5MW horizontal-shaft pump-storage unit the Boarc 
already has consists of a turbine, a generator and a pumps 
A unit of similar type, but very much larger, would usually hav 
a vertical shaft so that turbine and pump may be drowned te 
avoid cavitation, and the generator may be placed at a highes 
level. The pump and turbine are designed independently fs 
maximum efficiency, which is important for ‘daily cycies 
operation. 

Since, theoretically, both pump and turbine are reversibied 
can they be combined into a single machine? Intensive research) 
has been undertaken to answer this question. The turbine deal}. 
with the head in a single stage and is therefore simpler thaal. 
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the multi-stage pump. The reversible machine should therefore 
preferably be single-stage, the more so since quantitative regula- 
tion is desirable for the turbine, meaning either movable guide 
vanes or movable runner vanes. The very low pump setting will 
have to be retained for the reversible machine. 

The Niagara pump-storage scheme was mentioned in the paper. 
The head is 50-90 ft, and here reversible pump-turbines invented, 
designed, and tested in the laboratory under full prototype 
head—all in this country—are actually being used. Fig. A 
shows a section of the power station. The six units are of 
46000 b.h.p. each, and the runner is of about 21 ft diameter. 
Owing to the physical dimensions resulting from the low head it 
would have been quite uneconomic to put in units with separate 
pump and turbine. 

Fig. B is a cross-section of the machine, which is in fact a 
Francis turbine with movable runner-vanes operated by a servo 
motor containing a rotor coaxial with the main shaft and coupled 
to the vanes. The gear is located inside the runner hub. 

To guard against cavitation the runner is submerged—16 ft or 
more. When starting as a pump, the motor-generator has to 
rotate the wheel in water, and this would mean a very high torque 
at low speed—a difficult proposition electrically. The movable 
runner vanes solve the problem as will be seen from Fig. C, 
which shows the runner vanes in both the open and the closed 
positions. 

When closed at the beginning of operations the vanes form a 
reasonably smooth cone easily moved through the water so that 
large torque is unnecessary. 

At speed the vanes are opened and pumping commences. By 
adjusting the vane opening, the quantity pumped efficiently at any 
given head can be varied. When the turbine is running, the 
runner vanes vary the quantity of flow in accordance with the 
load demand. A unit of this type could probably deal with a 
head of 300 ft or more. 

Mr. J. Guthrie Brown: I knew Mr. Lawrie for about 30 years 
and I would like to be associated with previous speakers in their 
expressions of regret at his untimely death. 

I propose to make a few comments on the very high archi- 
tectural standard adopted by the North of Scotland Hydro- 
Electric Board in their power stations. During last year I 
visited Australia, Tasmania and New Zealand and saw many of 
the hydro-electric schemes in these countries. I am therefore 
able to make a comparison between the stations in Scotland and 
those oversea. ‘ 

At Pitlochry, Errochty and Grudie Bridge—three typical 
Scottish stations—the appearance in each case is excellent. The 
power-station walls, of masonry, or reconstructed granite in the 
case of Pitlochry, are very much in harmony with the Scottish 
scene, The transformers and electrical equipment are discreetly 
hidden behind the stations. 

In New Zealand, the two principal stations are Maraetai in 
the North Island (180000kW) and Roxburgh, at present under 
construction, in the South Island (320000kW). While great care 
has been given to the architectural treatment of the concrete walls 
of the power station, the appearance of transformers and elec- 
trical equipment closely adjacent to the power-station walls, or 
on the roof of the power station itself, is distracting. 

In Australia, the Guthega Station (60000kW) of the Snowy 
Mountains Project, opened in 1955, has walls constructed in plain 
in situ concrete without any external architectural treatment. 

Finally, in Tasmania, the Tungatinah Station (125000 kW), 
opened in 1955, is of interest. The external appearance of the 
station is very pleasing, despite the fact that the walls are of 
corrugated sheeting. 

Mr. J. M. Ferguson: Besides being of the utmost importance 
to the economy of Scotland, the co-operation of the North of 
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Scotland Hydro-Electric Board has been of great benefit to* 
British manufacturers. The experience gained on their system } 
has been of direct benefit in obtaining contracts in Europe, in the 
East, in the Dominions and in America. ; 

There is no reference in the paper to training. It is often 
extremely difficult to get skilled staff to operate in the remote 
stations, and it would be interesting to know whether this diffi- 
culty is likely to bring about an even greater degree of remote} 
control than is used at present. When the Galloway system was 5 
initiated, remote control was borne in mind. Two of the more } 
remote stations, Earlstoun and Carsfad, were run up automatic- 
ally and synchronized over pilots from Glenlee, with the water- 
intake gates remote controlled from the nearest stations. | 

Subsequently a number of the smaller stations on the North of 
Scotland hydro-electric system have local pushbutton starting: 
with automatic synchronization, such as Gaur. } 

Will Mr. Fulton indicate whether there may be an ever | 
greater tendency to go over to automatic control in the future? 

In Sweden considerable experience has been obtained on @ 
useful d.c. transmission scheme supplying the island of Gotlans | 
from the mainland. Is there any scope economically for such ag 
scheme, probably on a reduced scale, for the supply of power to: 
the Islands? 

On the subject of hay drying, have the Hydro-Electric Board 
considered the possibility of high-frequency drying? This 
would require much more complex equipment with increase: 
capital cost, which would be suitable for use only in a drying: 
centre, but two possible advantages might offset the increasei} 
cost: first, it would be possible to treat hay in baled form leading: 
to much easier handling, and secondly, as the material which} 
requires drying is heated directly instead of having air passed 
over it, appreciable economy in the energy required should bey 
obtained. 
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power stations underground when conditions are suitable: they! 
topography may be such that an underground station is mored 
economical, and there may also be reasons for design and 
amenity. 

For passing fish across a dam the paper mentions the Borland} 
pass. This works satisfactorily for medium dams, but for dams{ 
with a large range of water levels it may become too complicated | 
The choking of salmon and smolt screens by debris in time obj, 
flood creates a major problem. This builds up a hydraulic head 
on screens and supporting structures, and calls for a design] 
strong enough to cope with conditions of full blockage, or fo» 
a more economical structure with special precautionary measures) 
to prevent overstressing. Among such measures being developect 
are (a) electrical control equipment to give warning when the safe 
limit of head is being approached, and (4) the provision in certair) 
screen panels of supporting bolts which would fail at a pre 
arranged stress and so relieve the water pressure. 


of the site and-availability of suitable materials, but also on tha) 
labour conditions prevailing in the particular country affected. 

The use of wet-ground blast-furnace slag to save cement in| 
concrete has been mentioned. Further economies could be) 
effected by drying out the slurry, thus making it easy to handis} 
and transport to sites remote from the grinding plant. 

Finally, on the question of pumped storage, it might well be) 
that certain stations in the remote Highlands, operating as run} 
of-river stations or on partly regulated flow, could provide night) 
and weekend output for associated pumped-storage schemes! 
thus using the unregulated water instead of letting it run ta) 
waste. 

Mr. J. C. Beverley: Before the war there was comparativel'l) 
little hydro-electric development in this country and British) 


“manufacturers were therefore at a great disadvantage compared 
swith Continental competitors. Now, with the great variety of 
ischemes which are touched on in the paper, British manu- 
facturers have the opportunity of testing out in the field those 
mew designs which must always be brought forward to deal with 
(competition from oversea. 
In the first station of the Snowy Mountains Hydro-Electric 
‘Development two turbines and alternators which are exact 
duplicates of the Sloy machines have been installed. The 
(Snowy Mountains Authority went on from that to a second 
‘station with four sets, where the head increased from the 810ft 
‘of the first station to over 1000ft, and the turbine output to 
(129000h.p. each. Likewise, in a scheme in Canada, with a 
head the same as that at Sloy, the output of the turbines which 
were designed in this country has gone up to 175000h.p. 
Reference has also been made to breaking into the American 
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) market with hydro-electric plant. A contract for two very large 
/ 85000 kVA low-speed alternators (85-7 r.p.m.) for a station in the 
| United States came to this country through the development 
/earried out in a hydro-electric station in Scotland, particularly 
with a static form of voltage regulator. 

b: Reference has been made to the Sron Mor scheme in Scotland, 
i which is a pilot pumped-storage scheme. That station is of 
‘interest, too, because it is giving experience in large induction 
/'generators, which can be used for those schemes which might be 
termed marginal from the financial aspect. 

It will be interesting to know how far the development of 
*such a ‘utility’ scheme can be pursued further in Scotland when 
' otherwise the scheme would be uneconomic. 

- On the interesting point of the high-capacity high-head 
» pumped-storage schemes referred to in the paper, it would be 
“interesting to know how far it will be economic to develop these 
‘in stages, and thus to take advantage of the latest advances as 
| they are made available. 

Mr. A. R. Cooper: I had not intended to speak, but Mr. 
' Roberts suggested that basic slag should not be used in the wet- 
f ground condition and this prompts me to suggest that it should 
not be used at all. I suggest that, instead, Mr. Fulton should try 
| pulverized fuel fly ash from our power stations, which is already 


) setting with lime under water. If he has not tried it, I strongly 
) recommend it. 
* Mr. D. J. Bolton (communicated): Section 2.7 suggests that the 
‘ electricity generated by the Board might be regarded as a saving 
of imported coal at £6 per ton. This is marginal costing with a 
| vengeance. At this rate any colliery in the country could claim 
: to be working ‘at the margin’ and say that, but for their produc- 
| tion, so much coal would have to be imported at a cost of £6 a 
‘ton. By the same token, our total coal output is worth about 
' £1300 million. Hydro-electricity is only one of a number of 

ways of saving coal by additional capital investment. Main-line 
' electrification, for instance, would save about ten times as much 
_ coal as the whole of the Board’s system, and would hardly require 

ten times the investment. 

It is a pity that the only section of the paper which attempts an 

- economic assessment should have taken its stand on the ground 
where the scheme is weakest. At load factors such as those 

mentioned, hydro-electricity is likely to prove a very expensive 

way of saving coal, but it may be an economical way of gaining 
electric power. This should prove increasingly important in an 
atomic age—as the paper itself recognizes—and an assessment 
of the cost per kilowatt would have been more valuable than the 

somewhat shaky claim made for the kilowatt-hours. 

Mr. H. Headland (at Manchester): The paper is a tribute to 

the foresight, patient perseverence, vision and versatility of the 
late Sir Edward McColl and Thomas Lawrie, who were regret- 
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tably not spared to see the confirmation of their faith in the 
value of hydro-electric power in the rehabilitation of the High- 
lands. It confirms that intangible economic and social benefits 
follow hydro-electric development in sparsely populated areas 
as in the Tennessee Valley, where the main objectives have been 
to assist agriculture and to prevent the drift of population away 
from the land. It records the improvement, not the destruction, 
of scenery and salmon fisheries and the revival of the stone- 
mason’s craft, and a tribute from the Council for Preservation 
of Rural Scotland. It shows the benefits of indirect flood control, 
improved road access and utilization of peat. 

British and Scottish industry have profited from the Board’s 
activities, for before the war it was relatively inexperienced in 
water-power plant, but it is now able to compete with a reasonable 
chance of success in foreign markets. These benefits cannot 
be assessed economically, nor do they enter into the criterion 
as to whether a hydro-electric scheme is justified in terms of 
pounds per kilowatt or pence per kilowatt-hour relative to the 
cost of generating the same output in a thermal station, on the 
basis of which the Board has to operate commercially in the 
face of limitations of capital expenditure, rising costs and interest 
rates, which have such an important bearing on water-power 
economics. 

The civil engineering aspects of the Board’s work have been 
described in the Proceedings of The Institution of Civil Engineers 
and elsewhere, but the power stations cover a wide range of 
water turbine, alternator and governor types with different 
outputs as well as other types of plant, and this is perhaps the 
place to record the need for a paper outlining mechanical and 
electrical developments, operating experience and _ troubles, 
although the latter have not been serious. Such a survey might 
well be extended to questions of availability, operating and 
maintenance costs, the need for standby steam- and gas-turbine 
plant on an essentially hydro-electric system, and co-ordina- 
tion of system operation on an interconnected network where 
diversity of rainfall and run-off have to be considered. 

Loch Sloy gives another example of Mr. Lawrie’s foresight, 
where circumstances have brought the scheme through a full 
cycle from pump storage, straight hydro-generation, back to 
pump storage. 

The Board is able to dispose of all secondary energy from 
its stations and pump storage has not hitherto been an 
attractive proposition, but with the advent of nuclear power the 
outlook on this type of plant and on station load factors generally 
has changed. Ffestiniog will have a capacity of 300 MW in 
four 75 MW conventional vertical-shaft units with pumps dis- 
charging about 650 cusec against a 1000ft head. The hydraulic 
conditions are similar to those at Loch Sloy, but the reference 
to a capacity of 2000 MW should be an incentive to industry 
to develop high-head reversible turbine pumps; these have 
obvious technical and economic advantages, but their application 
is dependent on the satisfactory solution of hydraulic problems 
as well as electrical questions involving motor starting, trans- 
mission and system operation. 

With regard to the utilization of the peat bog in Caithness, 
one might ask whether removal may not bring some risks or 
problems with it. 

It may be of interest to note that, whereas the Board wishes to 
eliminate eels, another hydro-electric scheme places great value 
on them as a source of revenue. Both salmon and eels can 
influence the type of turbine to be installed. Although the paper 
passes rather casually over this topic, it is one which needs 
further investigation before uniformity of ideas can be reported. 

Mr. W. Brittlebank (at Manchester): I should be interested to 
learn whether the Board has been able to compare the results 
of the new Borland type of fish pass with the pool type. I should 
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also like to know whether any other authorities are now con- 
sidering buildings constructed in masonry, of whether this 
type of work will finish when the Board’s construction is 
completed. : 

A figure of about 10000 million kWh per annum is mentioned 
in Section 2.7 as the ultimate capacity in Scotland, not all of 
which is at present economic; but in years to come, as coal 
becomes scarcer and probably dearer, and civil engineering 
methods still further improve, the majority of this figure may, 
in fact, be worth developing. The recent White Paper on 
nuclear power states that 2000-4000MW of hydro-electric 
power and pumped-storage power may be commissioned by 
1975. Obviously, Loch Sloy may provide a suitable site in 
Scotland, but I would suggest that, wherever possible on any 
of the larger schemes still to be constructed, it might be most 
economic to combine pumped storage with the natural hydro- 
electric power so that the pipeline or tunnel and reservoir costs 
need not be debited against the pumped storage. 

No mention has been made of communication and control 
equipment. The Board has installed a comprehensive system 
in which power-line carrier channels have been installed on all 
the main 132kV lines. The channels have a nominal bandwidth 
of 4kc/s and can be used for speech in the audio band and 
voice-frequency telegraphy in the super-audio band. The tele- 
graphy equipment is of the two-tone type and incorporates 
channels for telemetering, telephone signalling and supervisory 
control and indications. In addition, the carrier system incor- 
porates 132kV line protection. As most of this equipment is 
now in service, I should like to know about the Board’s 
operational experience with it. 

Main control of the system will be from the central control 
room located a few miles south of the Errochty switching station. 
The central control arranges for the outputs of each group of 
stations and also co-ordinates the export of power to the South 
of Scotland Electricity Board. In addition, each group of 
stations has a group control room which co-ordinates the output 
in each of its stations, and has automatic indication of important 
reservoir levels and river flows, and controls those stations and 
substations which are normally unattended. I gather that the 
majority of the future stations will be of smaller capacity and 
higher load factor than those already in commission. In general, 
would it be more economic to run these unattended and have 
them controlled, if possible, from some existing group control 
room? 

I should like to have information on the outage factors of the 
major equipment such as turbo-generators, transmission lines 
and transformers. 

Mr. A. B. Washington (at Manchester): In other supply areas 
in Britain, mostly steam operated, tariffs differ for a variety of 
reasons, though they are progressively tending to become 
equalized. However, I understand that the North of Scotland 
Hydro-Electric Board is by statute bound to export surplus 
energy to other areas at the same tariffs as obtain inside their 
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Mr. A. A. Fulton (in reply): I want to thank the various 
speakers for their contributions. Where these contained an 
elaboration of points touched on in the paper I do not propose 
to make any further comment. 

Sir Charles Westlake has explained how he was converted into 
becoming an advocate of supplying every possible consumer 
without asking for any guarantees. That was initially the 
Board’s policy, but economic circumstances have begun to weigh 


more heavily, and are now making it increasingly difficult for the . 


Board to go as far as they had at first hoped. 
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own area. Surely it is more costly to export supplies than to) 
consume within the ‘home’ area, and some differential in thef 
tarifis might therefore be expected. ; 

Furthermore, the Board is specifically required, unlike the 
other areas, to collaborate in measures for the economic develop-}; 
ment and social improvement of its own area. 

Mr. A. I. Jones (at Manchester) referred to the substantial] 
nature of the buildings and inquired whether any consideration 
had been given to cheapen construction by the use of alternative; 
cladding materials such as light sheeting. 

Mr. J. Taylor (at Newcastle upon Tyne):.1 was surprised to 
learn that power stations constructed in stone had sometimes 
been found to be a little cheaper than those constructed ini 
reinforced concrete. I would have thought that a solid masonry 
building would have been much more expensive, but I supposs 
it largely depends upon the nearness of the power station to tha 
quarry from which the stone is obtained and how much can be 
saved in transport costs. ‘ 


rais 


I believe that on some projects th 
stone which has been taken from the tunnel has been used ‘« 
build the power station, in which case I could understand tha: 
such a building would be cheaper than a reinforced concrete 
building. ) 
Joiners are essential for erecting shuttering for reinforces 
concrete, and I wonder if the acute shortage of these in the mor 
remote sites partly tends to influence the Board in favour 3 
stone, as well as the desire to encourage a native industry aur 
to have buildings which merge with the surrounding countrysias 
I should be glad if a statement in Section 6.1, regarding ta 
pumping of surplus water from the lower to the upper reservea) 
in wet weather, could be clarified. It seems to me that thi 
statement is possibly only applicable to the particular schei 
quoted. 
From the general aspect one would expect that pumping | 
normally carried out during off-peak periods. With the examp: 
quoted, however, it is probably necessary to pump during we 
weather, at off-peak-load periods, since the lower reservo 
forms the headpond for the Lower Shira power station. - 
this station was not running, the water in the headpond migh 
rise to such an extent, owing to the run-off from its own catch 
ment area, that dam spilling would occur, whereas this wat 
could be pumped back and stored in the upper reservoir arp 
ultimately be put to good use. 
The proportion of farms and crofts now supplied with eles 
tricity has risen to 45°% since the Board’s inception and wo» 
is in hand to raise this figure to 75 or 80% before the er 
of the present decade. I wonder if this development can | 
economically justified? Presumably those consumers who ha 
up to the present been connected will have paid some nomi 
‘Jeading-in’ charge, and I think it is reasonable to assume t 
the easiest and cheapest ones will have been connected firj) 
What of the more remote homesteads? Is there in fact a demas ; 
for electricity in those parts where its installation might put 1} 
owner or tenant to considerable expense? 


| 
: 
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He is quite right in observing that some of the controver} 
which had previously been associated with hydro-electric activ) 
has largely died down. This applies mainly to amenity and, 
some extent also, to fishery matters. Some still remains, ho 
ever, but in a new form. It comes from those who, though tk} 
have received the benefits of a supply of electricity, want to ha 
it at less than cost or at what they describe as ‘pithead prices’ 

Mr. Haldane, who has been associated with the work of ' 
Board since its inception, has explained how, over the pericj 
views have changed and low-load-factor power is now bez) 


‘absorbed with less difficulty than many people at one time 
‘would have agreed was possible. He has always been an 
advocate of pumped storage and particularly the superimposition 
‘of it on ordinary hydro-electric schemes because of the assistance 
‘it gives in ensuring that ample storage is available when needed. 
The whole question of pumped storage and its integration with 
‘thermal power could well be the subject of a special paper, and 
“so it is hoped that, with the experience which will be gained not 
‘only on the small pumping plant which the Board are to com- 
‘Mission on the Shira Scheme, but also on the larger one which is 
‘being developed by the Central Electricity Authority, someone 
‘will take an early opportunity of producing one. 
__ Mr. Peattie has drawn attention to the difference in the 
‘definition of the Hydro-Electric Board’s duties and those of the 
i Central Authority, as set out in the Acts which created them. 
| An onus is laid on the Central Authority to maintain an efficient 
} and economical supply of electricity, whereas, in the case of the 
| Board, no reference to efficiency is made. In practice, however, 
}as already mentioned, the Board’s consumers are taking good 
| care to see that they get their electricity as cheaply as possible. 
) The Board, moreover, are creating permanent assets which are 
proof against the advance of inflation and will ensure for posterity 
electricity at minimum cost. 
_ Lord Hurcomb has stressed the importance of considering the 
/ effects of engineering works on amenity and landscape and to the 
biological consequences of these works. When the International 
' Union for the Protection of Nature holds its Assembly in Edin- 
- burgh this summer, they will be encouraged to visit the Board’s 
works. They will thus have the opportunity of associating 
“themselves with Lord Hurcomb’s tribute to the Board’s efforts 
, to minimize the effects of their works. 
| Mr. Mountain asked for details of the effect of the drought 
Which occurred in Scotland last year. In the areas of the Board’s 
schemes, the actual run-off was only about 72°% of the average. 
' This figure would have been considerably lower but for the 
‘month of December, which contributed 17% of the 72% 
' mentioned. Unfortunately, some last-minute difficulties arose 
at Invergarry, and so that set was not running before the end of 
' the year as had been expected. 
' The average capital cost for connecting each new consumer in 
°1954 was £184, and because the remaining consumers are 
_ Steadily becoming more expensive to connect, it is expected that 
'in 1955 the average cost will have risen above £200. Rural 
. consumers are mainly responsible for these high average costs 
of connection and so clearly are not paying what it costs to 
supply them with electricity. In the crofting counties the 
' deficiency is about £5 10s. per annum per consumer. 
| In reply to Mr. Braikevitch, the head of the pumped-storage 
scheme referred to in the paper is within the range 750-950 ft. 
' This and other similar pumped-storage schemes, of which there 
' are several in Scotland, will afford manufacturers plenty of 
Opportunity to solve the problem of producing in one unit a 
Teversible turbine pump. That industry in this country is fully 
alive to pumped-storage needs is evidenced by the substantial 
‘order obtained for the Niagara pumped-storage scheme, and in 
the solution of the problem of relieving the pump starting torque 
by the ingenious method illustrated by Mr. Braikevitch. 
I was most interested in Mr. Guthrie Brown’s comparisons 
with power stations abroad and in his conclusions that the 
architectural results in Scotland were so much better. 
Mr. Ferguson referred to the problem of recruiting and 
training sufficient skilled staff to operate the remote stations, 
and asked whether it was likely that a greater degree of remote 
control would be necessary. It was originally hoped that it 
would be possible to get sufficient staff to man all the Board’s 
stations and to some extent reverse the depopulation of the 
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Highlands. Unfortunately, such high hopes have not been 
realized, because, for one reason or another, it has been more 
difficult to get people to live in these remote places than had 
been expected. This has not always been due to the man him- 
self, but sometimes because he has been unable to persuade his 
wife to live where there are no shops or other town facilities. 

The remote-control solution is not necessarily the answer, 
because it is well known that such equipment requires attention 
from specialists. It could be even more difficult to persuade 
people in that category to live in our rural areas. 

So far, the Board has not given serious consideration to d.c. 
transmission. The opportunities of using it are not so favourable 
as in the Sweden-—Gottland scheme. To be worth while, the 
distance to be travelled and the size of the load are important. 
The Board’s outlying islands were not sufficiently attractive in 
these respects. 

Hay drying by high-frequency methods has been considered, 
but has not been pursued because the main emphasis on 
providing facilities for hay drying had been to find a method 
which involved the lowest capital expenditure. High-frequency 
drying did not come into this category. 

Mr. Roberts is in favour of underground power stations where 
conditions are suitable. Experience has shown that there is 
usually very little difference in cost. The advantage has usually 
been decided in terms of economy in cement or steel and not in 
money. 

He was inclined to doubt the suitability of a Borland pass for 
dams where there was a large range of water levels. Actually, 
no matter what type of fish pass is used for reservoirs with large 
variations of water level, the problems are considerable, and I 
would be inclined to think these are no worse to solve with the 
Borland pass than with any other. 

The problem of fish, and particularly smolt screens, certainly 
deserves further study. Serious problems can arise if such 
screens should collapse as a result of choking. The use of 
revolving screens in hydro-electric works does not seem to have 
been explored as energetically as it might; a solution may lie 
along these lines, notwithstanding the physical dimensions 
involved. 

One reason why there has been no extension of the use of wet- 
ground slag has been the cost of drying. So far, no one seems 
to have produced a method of doing this sufficiently cheaply to 
make the material competitive for use on sites remote from where 
the slag is ground. 

While run-of-river stations are a suitable source of power for 
pumped storage, there are relatively few of these in the Board’s 
Area, and experience shows that their capacity is generally 
only about equal to the Board’s night load, so that any surplus 
left over for pumped storage is too small to be worth while. 

Mr. Beverley asked how far it will be economic to develop 
pumped-storage schemes in stages. So far as the plant is 
concerned, there is no real problem, but it would be expensive to 
proceed with civil works for a complete development, as this 
would mean that the first stage would be saddled with more than 
its share of the capital cost. The idea might therefore prove 
difficult to justify in practice. 

Mr. Cooper recommends the use of pulverized-fuel fly ash 
rather than wet-ground blast-furnace slag. The Board has 
actually used both, and there is quite a difference in the merits 
of the two materials. Fly ash is really less useful as a saver of 
cement. It is only possible to replace 20-25%, as against 70% 
or more with slag. Moreover, the two materials have different 
properties. Fly ash is not strictly an equivalent material to 
cement, for its action depends on its combination with the lime 
set free when the concrete sets. 

Mr. Bolton criticizes the argument about coal saving by hydro- 
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electric investment. No claim was made in the paper that 
hydro-electricity was developed primarily to save coal. It does, 
however, represent an added dividend. If any expenditure, 
whether it be on miners’ wages, investment on railway electrifica- 
tion, or in hydro-electricity, should reduce the need for imported 
coal, that surely is in the country’s interest. There is no need 
to look for marginal advantages for hydro-electricity. In 
Scotland, at any rate, no scheme has been proceeded with unless 
the power produced is to cost less than the current cost of 
production by equivalent thermal power. 

I support Mr. Headland in his suggestion that, as most of the 
papers and articles which have appeared describing the work of 
the Board have dealt mainly with the civil-engineering aspects, 
there should now be one dealing with mechanical and electrical 
operating experience. 

Mr. Brittlebank asked whether the Board has been able to 
compare the results of the new Borland type of fish pass with 
those of the ‘pool’ type. Although experience is, as yet, some- 
what limited, there has, so far, been no noticeable difference; in 
fact, it is expected that the Borland pass may prove more helpful 
for descending fish than the orthodox ‘pool’ type because of the 
possibilities of increasing the discharge through the Borland 
pass, and thus the draw, in a way which is not possible with the 
‘pool’ pass. 

So far, industry generally has not followed the Board in the 
use of stone, but it must be remembered that, in the Highland 
area, with its limited industrial development, there are few 
opportunities for this. On the other hand, as the result of the 
Board’s example, some local authorities are building more of 
their houses in stone. 

I do not agree with Mr. Brittlebank’s suggestion that where 
pumped storage is associated with natural hydro-electric power, 
the tunnel and reservoir costs should not be debited against 
pumped storage. I do not see the justification for that argument, 
and, in any case, for a really big pumped-storage scheme, the 
cost of the upper reservoir is, in general, a relatively small 
percentage of the total cost. 

Smaller stations, especially those with a single machine, do 
not justify a rota of shift attendants, but some local staff are 
needed to keep screens clean, do cleaning, greasing and daily 
maintenance in the stations, show visitors round, etc. The plant 
in these stations is made sufficiently automatic and self-protecting 
to allow it to run unattended. Starting and stopping is carried 
out by attendants, and an alarm circuit from the plant is laid on 
to the attendants’ nearby houses. 

The availability of the main turbo-alternators has been very 
good, and few major difficulties have developed which involved 
shutting a machine down immediately. Such failures as have 
occurred have mostly been due to secondary matters, such as 
control-circuit troubles, cable-box breakdowns, etc. There has 
been no breakdown on 132kV transformers, but there have been 
difficulties with ice loading on 132kV lines. These have occurred 
at widely separated places at different times, which makes it 
difficult to take precautions. Under icing conditions, vertical 
formation of conductors is a weakness. Conductors are not 
always uniformly weighted with ice or snow, nor do they shed it 
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simultaneously. As a result, there have been a number of faults © 
caused by conductors clashing. ; ii 

The basis of the Board’s charges for export to other areas 1s | 
not quite as stated by Mr. Washington. Energy which the | 
Board may have for export is sold, not at the tariffs which apply 
to ordinary consumers in its own Area, but either at a statutory | 
price defined in the 1943 Act or at a price agreed with the} 
receiving authority. The agreed price basis is actually what | 
applies and it has a kilowatt and a kilowatt-hour charge which 
make it comparable with the C.E.A.’s bulk-supply tariff. 

Mr. Jones has asked whether consideration has been given to) 
cheapening the cost of the Board’s main buildings. Such) 
considerations are always kept in mind, but naturally, under the > 
extreme weather conditions usually experienced in the Highlands ; 
of Scotland, there is an advantage in having reasonably sub- 
stantial structures. In any case, the cost of the cladding of awl 
building is a very small percentage of the total cost of a hydro-} 
electric scheme and economy in this direction might in the longy 
run, owing to extra maintenance, be more expensive. The longy 
life of hydro-electric schemes also favours the use of a durable 
cladding. 

Mr. Taylor wonders why power stations constructed in stone@ 
are sometimes cheaper than those of reinforced concrete. Theg 
reason is that in the remoter parts of the Highlands and in thes 
Islands nearly all building material, including cement and bricks,,| 
has to be imported. In Orkney, on the other hand, where a 
large Diesel station had to be built, good building stone an 
masons were available locally, and so it was possible to construct) 
there a masonry building cheaper than in concrete or in brick. 
In other cases, too, it has been possible to use material excavated 
from tunnels. One of the recently commissioned stations inj 
Perthshire was built of this material, and as the stone is of a 
pinkish colour, it looks most attractive. Where masonry walls) | 
are solid, it has been possible to dispense with any form of) 
inside finish; in other words, the Board has copied the olc 
ecclesiastical buildings and used a stone finish both inside anc 
outside. 

The statement in Section 6.1 regarding the pumping of surplus} 
water from the lower to the upper reservoir applies only, o! 
course, to the Shira scheme. It was decided to do this partly as 
an experiment and also because of the relatively small capacity 
of the lower reservoir into which a substantial amount of water) 
was gathered from catchments at lower elevations. 

The high percentage of connection of farms and crofts haa) 
only been done at a sacrifice by the Board, and naturally tha) 
easiest and cheapest ones have been done first. The problem o 
the more remote ones still remains, and at present it looks as 
if some substantial contributions will be necessary from tha 
consumers concerned if they are to get the advantage of a 
electricity supply. ; 

Many of the speakers have paid tribute to the work done by 
Mr. Lawrie. He was recognized as one of the great pioneers cq 
hydro-electricity in Scotland and the schemes with which he haq_ 
been associated and the extent to which electricity has been mad 
available throughout the Highlands will be a lasting memoria) 
to him. 
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ELECTRIC TRACTION 


A Review of Progress 
By J. W. GRIEVE, B.Sc., Member. 


Six years ago the Convention on Electric Railway Traction! 
Teviewed electric traction with special reference to British Railway 


I electrification at home and oversea, and the last ordinary progress 
" review on this subject covered the period, January, 1933, to 
December, 1936.* 


The present review does not include Diesel-electric traction, 


which now merits independent treatment, but generally records 
_ trends and developments since 1936 with some reference to 
| progress in most of the principal countries of the world. 


There is no doubt that the most important feature of the period 


_has been the development of electric traction using single-phase 


alternating current at standard frequency directly on the contact 


| system, and the progress made in the application of this system 


has been very largely due to the imagination and drive of French 


» engineers. 


(1) POWER SUPPLY AND TRACTION SYSTEM 


At the present time the main traction systems for extensive 
railway application are: 


1 500-3 000 volts. 
Low frequency at 11-16kV. 
Standard frequency at about 25kV. 


Direct current 
Alternating current 


The balance between direct current and low-frequency alter- 


“nating current has been fairly evenly maintained, but the growing 
_ possibilities of reducing the heavy capital outlay, the chief obstacle 


to railway electrification, offered by the standard-frequency a.c. 
‘system have demanded the closest investigation. The saving 


- compared with direct current is almost all in the cost of fixed 
installations, i.e. the power supply and the contact system. 
_ Their cost includes a large element dependent on the number of 


miles of track to be electrified. The lower this cost, the lower is 
the traffic density necessary to provide working economies by 


! electrification. It is hoped that the standard-frequency system 


will widen the scope of electrification. 
The growth of industrial loads and the development of elec- 


_ tricity supply systems have removed the problem of supply from 

__ the railway to the public supply authority. The effect of traction 
loads on industrial power networks was discussed at the World 
_ Power Conference in Delhi in 1951,3 where the benefit to rail- 
ways and other consumers by the joint use of one generating 
_ and distributing system were clearly stated. 


There is now no difficulty in using public supply at standard 
The rectifier solved this problem, 
although it has not yet been developed so as to replace the less 


' efficient motor-generator set for single-phase low-frequency a.c. 


traction systems.t The motor-generator, however, can be com- 


 pensated to give voltage regulation on the power supply side, a 


practice widely adopted in Sweden. A traction system using 


alternating current at standard frequency is obviously the 


~ simplest from the viewpoint of power supply. 


In the d.c. systems, it is common practice for a railway to take 
supplies at a limited number of places and to install its own 


* Journal I.E.E., 1937, 80, p. 181. if 
+ There was an experimental installation at Basle. 


Mr, Grieve is with the British Transport Commission. 


distribution system. It is sometimes even possible for individual 
supplies to be taken at each substation from a medium-voltage 
public-supply network. This has been done to a large extent 
in Holland, and for the present extension of the Liverpool Street— 
Shenfield electrification to Chelmsford and Southend (Victoria), 
the Central Electricity Authority has given an independent supply 
at 33kV to each of the four new traction substations. 

The a.c. system permits increased spacing of feeder points, but 
the 16% and 25c/s systems still demand a special low-frequency 
supply. With a standard-frequency single-phase supply there 
is increased impedance as compared with the usual low- 
frequency system, and it is therefore advisable to select as high 
a line voltage as possible. This led to the raising of the voltage 
of the single-phase 50c/s French experimental Annecy line from 
20kV to 25kV. The Valenciennes-Thionville line at 25kV 
has six substations and 7 miles of h.v. feeder, whereas 23 sub- 
stations each more expensive than with alternating current and 
some 211 miles of h.v. feeder would have been required for 
1500-volt d.c. electrification.!° 

It must be recognized, however, that a high-voltage contact 
line brings its own very serious problems of electrical clearance 
through tunnels, under bridges and other structures. For 
1500-volt d.c. systems the minimum clearance required by the 
Ministry of Transport is 4in, whereas the recommended clearance 
for 25kV a.c. is likely to be 1lin. The expenditure under this 
heading could be very high in large cities. 

One of the problems of direct single-phase standard-frequency 
traction loads is the unbalancing effect on the 3-phase system. 
This is largely related to the proportion of the railway load to 
that of the power supply system at the point of delivery and the 
characteristics of the system.? In original installations two 
methods of connection have been used in the distribution of the 
single-phase traction load between the three phases of the public 
supply. The first method was by means of Scott-connected 
transformers and was adopted for the Annecy electrification; 
the other method was to divide the contact line into sections, each 
connected to a different phase, and this was done on the Jadot- 
ville-Tenke electrification in the Belgian Congo. The Scott 
connection, which will partially overcome single-phase un- 
balancing, was adopted on the Hollenthal line, but was discon- 
tinued as it was not found to have a material advantage over a 
single-phase connection.* 

The supplies for the Valenciennes-Thionville section in 
Northern France were taken at 63kV or 45kV, with a short- 
circuit capacity of 300 MVA or less, from Electricité de France 
at points about 40 miles apart. Some supplies were given by 
two single-phase transformers as at Valenciennes, or by two 
Scott-connected groups as at Mohon. The transformers carried 
5000-10000kVA in each substation.!3 

The results of the Valenciennes—Thionville electrification, begun 
in August, 1954, show that it was possible to make considerable 
single-phase power demands within the permissible amount of 
out-of-balance load. This is supported in a minor degree by 
the experience of the Lancaster-Morecambe—Heysham single- 
phase supply taken directly from the public system. The ever- 
increasing development of public supply systems should facilitate 
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the acceptance of unbalanced loads resulting from single-phase 
supplies at standard frequency taken from 3-phase networks, and 
it is foreseeable that in the future the traction substation will be 
readily absorbed in the national Grid. 


(2) SUBSTATIONS 

There is little radically new to report regarding d.c. substations. 
In Great Britain where e.h.v. cables are necessary, the present 
practice tends towards the use of oil-filled 33 kV cable, continu- 
ously supported and protected in concrete troughing. Buildings 
are becoming smaller with more compact design of plant to which 
the development of the d.c. high-speed track-type circuit-breaker 
has contributed. There has been a change from the outdoor h.v. 
switchgear used in the country extensions of the Southern Region 
and the Shenfield electrification and in many Continental 
installations. Unit-type indoor metalclad h.v. switchgear is 
now preferred on the grounds of safety and easier maintenance. 

Rectifier design has become more compact. The pumpless 
steel or glass-bulb units are standard in Great Britain and many 
of the Dominions, and have a very good record of reliability. 

Research into rectifiers has led some to use single-anode units 
in substations. The French National Railways! installed in a 
substation on the Paris West suburban lines two groups each of 
3250 kW, 650 volts. The rectifiers are of the pumped type with 
six steel tanks per equipment. On the 1500-volt Lyons—Culoz 
section, electrified in 1953, four substations were equipped with 
2000kW sets in each. Three of these have vacuum-pumped 
excitrons cooled by forced air, and the fourth, at Montluel, has 
water-cooled pumpless ignitrons. The units are easily replace- 
able, and the reduction in size and weight, with attention to other 
details, has resulted in a simplification of buildings and layout, 
giving a total saving of about 40°% in the cost of comparable 
substations on the Paris—Lyons line. 

Where regenerative braking is required, grid-controlled recti- 
fiers, as used on the South African Railways, could be installed, 
though some simpler apparatus is desirable. On the Manchester— 
Sheffield electrification, loading resistances with electronic control 
have been provided. Another interesting development is the 
incorporation of electronic arc suppression, which, when a fault 
occurs, causes a strong negative bias to be applied to all control 
grids, so preventing any further output of current from the 
rectifier. This device has been reported to be of greater use 
with rectifiers giving 3000 volts, and possibly 1500 volts, than 
with those supplying lower voltages. 

During the past decade it has been the practice in this country 
to install remote-control supervisory apparatus of the centralized 
type. Control on the d.c. impulse system is effected from master 
panels which do not present a permanent record of the conditions 
obtaining on the system and necessitate the provision of a mimic 
diagram dressed by the operator. In the new Southern Region 
change-of-frequency scheme, a return has been made to the 
system in which each item of equipment has its individual control 
switch in its correct position on the mimic diagram. The 
diagram in the Raynes Park control centre covers 28 substations 
with associated track sectioning cabins involving the control of 
527 circuit-breakers. In the design of this equipment special 
attention has been given to the speed of operation. As an 
example, the total time from the receipt of a trip alarm to the 
reclosed indication is 8-3—-13sec, and track feeder breakers at 
substations can be operated in groups as well as individually. 
Separate control and indication cable cores are used to avoid 
delay. It is possible for two ‘perfect’ operators to restore power 
on the whole system, after every switch has opened, in approxi- 
mately 5 min. 

An interesting development in substation control is the use of 
voice frequency over 97 miles of the Gippsland electrification of 
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the Victorian Railways. From the control centre at Warragul, 
control impulses and return indications are sent simultaneousl 
over the same pair of wires, for the control and indication of 
16 substations and 12 track sectioning cabins. Voice frequency,, 
selected from the 660-2 460c/s band, is also used for the control) 
of substations and track sectioning switches from the central 
control station at Charleville on the recent 50c/s electrification 1 
Northern France. 


(3) OVERHEAD TRACK EQUIPMENT | 
Developments during the period under review have in the main 
resulted from the endeavour to reduce the costs of construction, 
installation and maintenance. A recent paper before The 
Institution® sets out British practice for 1500-volt d.c. system: 
and suggests modifications for economies such as longer spans} 
between structures on open lines, smaller and less costly founde-), 
tions, reduced wind loading, increased stress in steel, reducedy 
minimum thickness of steel, etc. Many of these recommenda- 
tions have been adopted in the design and installation of over-} 
head equipment for the Shenfield electrification extensions tet 
Chelmsford and Southend, now in progress. It has been con) 
sidered possible, for instance, to reduce the equivalent copps 
cross-section from 0:75 to 0:6 in2, and to increase open line span 
from 210 to 240 ft, compared with previous practice. A power 
driven auger has been used for foundation excavations on receay 
French electrifications and also in the Belgian Congo. A similar 
method was adopted for the Shenfield extensions, where thel 
auger, mounted on a wagon, bored the foundation holes of «| 
diameter and at a depth depending on the nature of the ground) 
This was followed by the steelwork erecting unit, which lifteo) 
the masts and placed them in the holes, where they were held ir} 
the correct position by a frame. A third concrete-unit train ther} 
filled the excavations. i 

Reinforced concrete for structures had been used before thal 
war, but the need to save steel turned attention again to thal 
possibilities of concrete. In the rehabilitation of the wary 
damaged Netherlands Railways, many miles of track were) 
equipped with hollow Arkel masts of vibrated concrete carrying) 
arched cross-beams of reinforced concrete with straight tie rods: 
Meanwhile, the French National Railways had developed tha) 
use of prestressed concrete on the Weinberg system, for tha 
electrification of the Paris—Lyons lines.!7_ Similar structures, b 
with important modifications in production technique, were subi) 
sequently used in Holland. Recently, on account of timbed 
shortages, concrete structures have largely replaced the wooo). 
poles formerly used in Japan. Their economic advantage, com 
pared with steel structures, lies in the fact that they do nad 
require painting, rather than in first cost. But careful handliny 
is required and there is a possible risk of collapse under impact 
Their greater cross-section does not improve signal sighting 
Prestressed concrete structures were considered unlikely to bi 
economical for junction work, but it is possible that single-tracd 
cantilever masts will be economical if mass produced. 4) 
number of prestressed structures, portal and single masts, ar} 
being installed on the Shenfield electrification extensions for trid 
purposes. 

Steelwork protection, especially in urban districts and wher} 
mixed steam and electric services are run, isa problem. Preseri 
practice favours the galvanizing rather than the flame-cleaning cj 
structures, before assembly, as the best initial treatment. 

Bronze catenary is largely used on the Continent, but cadmi 
copper, with a considerably greater conductivity than a 60‘). 
bronze and of very nearly the same tensile strength, is preferred 
in Great Britain and many of the Dominions. Cadmium-coppel - 
contact wire is superseding hard-drawn copper, especially of 
main lines. The use of two contact wires is favoured by som) 


* notches in parallel. 


_ standard-frequency lines. 


also a germanium rectifier. 
“lead in the development of semi-conductors for rectification on 
- motor coaches which promise compact equipment of low weight 
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administrations as giving better current collection. Methods of 


oie of the contact wire vary considerably from line to 
Hiine. 
in the United States, and though the railways using it report no 
' difficulty in keeping it in adjustment, the use of the compound 
) catenary system for new construction is favoured. 


Inclined catenary construction for curved track is common 


(4) MULTIPLE UNITS 
The value of the multiple unit has long been recognized in 
suburban electrification, and it has become increasingly used for 
inter-urban services and high-speed operation between large cities. 
Electrically there is little to report beyond higher standards in 


_ lighting and heating and minor improvements in the design of 
~ control equipment. 
a size and weight is being constantly sought, but the limiting factor 
_ has been the ability of the insulation to withstand high tem- 


Greater output from machines of a given 


peratures. New insulating materials based on silicones present 
ways of increasing the previous temperature rise. In view of 
improved traction motor design and technique it is no longer 
considered necessary in this country to draw air for self-ventilated 


) traction motors through bellows, connections and ducts in the 
~ coach bodies. 


Motor-driven camshafts are favoured in present 
Continental practice. With the usual d.c. series-parallel control, 
economical speeds are limited, even with a number of weak-field 
On motor coaches for the French south- 
eastern region, weak-field notches have been provided in series 


) to give an economical higher running speed over the fairly long 


runs in suburban areas before reaching the open country, where 
maximum speeds can be attained. 

In acc. traction, interest centres on motor coaches for use on 
The a.c. series commutator motor 
seems to provide the simplest approach, and three motor-coach 


trains of this type are run on the Annecy line as against one with 


ignitron equipment. But the 50c/s traction motor presents a 


number of serious problems to the designer, the most difficult 
of which is that of satisfactory commutation. 


Some improve- 
ment has been effected by the use of divided brushes, which 


provide transverse resistance to the short-circuit current. 


Another method is to use resistance connections between the 
armature winding and the commutator. 
The first large-scale use of a.c. series commutator motors at 


( 50c/s in suburban service was that on the Turkish State Railways, 


put into operation towards the end of 1955. Meanwhile, experi- 
ence was being accumulated on the use of rectifiers and ignitrons 
on motor coaches. The New York, New Haven and Hartford 


~ Railroad has put (1954-55) 100 ignitron-equipped motor coaches 


into service which operate from an 11kV single-phase 25c/s 


supply. In the experimental tests of single-phase 50c/s traction 
in this country, attention has been directed to the use of d.c. 
motors, and while the first trials were with multi-anode rectifiers, 


tests are now being carried out with air-cooled ignitrons and 
British manufacturers are taking the 


4 with greater efficiency. But the application of rectifiers to rolling 


_ of rubber in shear in place of steel springs. 


stock brings its own problems.’ 

The increasing cost of fuel emphasizes the importance of 
weight reduction consistent with strength and reliability, and 
London Transport have put into service prototype trains with 
aluminium-alloy bodies, and also bogies incorporating a system 
In Paris, pneumatic 
tyred 4-coach sets have been built for the Chatelet-Mairie-des- 
Lilas Metro line, following experience gained after two years’ 
trial. 

Motor-coach stock for high-speed services calls for attention 
to bogie design to ensure good riding. Although the merits 
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of spring-borne or axle-hung motors have been the subject of 
close investigation, there is little conclusive evidence in favour 
of one or the other with regard to effect on the track. Many 
forms of flexible transmission have been tried and abandoned. 
The original Brussels-Antwerp motor coaches were fitted with 
Sécheron drive, but later types have simple axle-hung motors, 
even those which operate on services with a maximum speed of 
87m.p.h. Whereas the experimental motor coaches on the 
50c/s Annecy line were fitted with spring-borne motors with 
forced ventilation, those for the Turkish 50 c/s electrification have 
simple self-ventilated axle-hung motors. 


(5) ELECTRIC LOCOMOTIVES 

The modern high-speed electric locomotive with all axles 
motored stems from the Swiss designs for the Berne-Lotschberg- 
Simplon and Swiss Federal Railways, introduced in 1946. The 
2400h.p. 56-ton By-By Swiss Federal and the 4000h.p. 80-ton 
Bo-By for the Lotschberg line began a new chapter in electric 
locomotive development and have had a marked influence on 
Continental design. 

Inability to export during the war gave the Swiss engineers the 
opportunity of concentrating on design, and they tackled the 
question of providing higher speeds with safety, comfort and 
economy. To meet air and road competition they saw that 
railway speeds must be raised as high as possible. The result 
of their efforts is mainly observable in weight reduction and 
improved bogie design. In this way, higher accelerations are 
possible with higher speeds on gradients and curves, with less 
damage to track. 

Before 1946, nearly all Swiss locomotives, whether passenger 
or freight, had their driving axles on the main frame with guiding 
axles at each end, either in the form of a pony truck or two- 
axled bogie. In early locomotives the drive was generally from 
one or two large motors via a jackshaft and connecting rods or 
Scotch yoke to the coupled driving wheels. The maintenance of 
this arrangement was difficult, and the locomotives ran badly at 
high speeds. Various types of individual axle drives were 
developed. 

The Lotschberg locomotives were among the first to be fitted 
with the flexible disc drive. In this method the gear and pinion 
are mounted rigidly on the axle and the motor drives the pinion 
through two flexible spring-steel disc couplings, with the driving 
shaft running through the hollowed motor shaft. This drive is 
used in some of the latest Swiss-built locomotives for the French 
Railways, and may be compared with French-built locomotives 
with fully spring-borne motors whose pinions, via an intermediate 
gear, drive each axle through a flexible transmission system in 
the form of a short Cardan shaft enclosing the driving axle and 
universally jointed at the one end to the gearwheel and at the other 
to the driving wheel. (This arrangement allows the motor size 
to be increased as necessary without limiting the overall size and 
gear ratio.) The latest Belgian locomotive, however, the 82-ton 
Bo-Bo, type 122, introduced in 1954, illustrates the trend, 
noticed in Belgian multiple-unit stock, away from the flexible- 
drive to the simple axle-hung motor. On all Belgian locomotives, 
weight transfer effects of motor torque reaction and drawbar 
reaction can be compensated either by electrically or pneumati- 
cally operated mechanisms. 

Swedish individual axle-driven locomotives utilize a quill 
transmission with rubber coupling elements similar to that used 
on the Pennsylvania Railroad. But in the transmission fitted to 
the new high-speed locomotives the motor is coupled to a separate 
gear via a torsion shaft, connected at one end to the gear wheel 
on the axle by a Layrub coupling, and at the other end to the rear 
of the motor through an inverted gear coupling.!2 

There has been a marked trend away from the complex 
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problems of articulated connections between bogies, with a 
resultant saving in weight and greater freedom in the design and 
control of bogies. 

In France, new post-war designs began with two types 
developed for the first section in 1950 of the Paris—Lyons elec- 
trification. The 4400h.p. 2-D)-2 144-ton locomotive for fast 
passenger and freight work is an improved version of similar 
locomotives working on the former Paris—Orleans—Midi system. 
The traction motors are mounted rigidly on the main frame 
with flexible transmissions of the Buchli type to allow vertical 
and lateral movement of the axle relative to the frame. The 
locomotives can haul 880 tons on the level at 86m.p.h. and 
1000 tons up a gradient of 1 in 200 at 61m.p.h. A considerable 
amount of field weakening is made possible by the use of com- 
pensated motors, the minimum excitation being 29°4%, and 
there are 24 economical running speeds. Vernier control is 
provided for starting heavy trains on greasy rail. 

The other type, a mixed-traffic 2500h.p. (continuous rating) 
By-By 80-ton locomotive, has axle-hung motors with single- 
reduction resilient gears. With a maximum speed of 65m.p.h., 
it can haul a 1 050-ton train up a gradient of 1 in 125 at 35m.p.h. 

While the 2-D)-2 type was under construction, a Co-C 
design of similar power with a total adhesion weight of 106 tons, 
14 tons greater than that of the 2-D)-2, was tried out so 
successfully that the order for the original 2—D)-2 class was 
reduced from 95 to 35. These locomotives form the 7100 class 
and have a remarkable mileage and speed record. The majority 
are fitted with compensated motors and have a minimum field 
excitation of 27%. They have a balancing speed of 99 m.p.h. 
with a 700-ton train on the level. 

The success of the Swiss 4-axle high-speed locomotives, which 
are similar in power and performance to the 7100 class but 
26 tons less in weight, led to a French experiment with two 
Swiss and two French prototypes, the 9000 class. The Swiss 
designs incorporate well-tried bogies and suspension with 
fiexible-disc drive for the motors. The French locomotives have 
a bogie pivoting system using lateral and longitudinal linkages 
with silentbloc mountings providing weight transfer, which is 
achieved in the Swiss locomotives by inverting the normal 
pivoting arrangement. ‘The tractive forces are transmitted from 
bogies to body by coupling bars attached to the bogie frame 
approximately in the plane of the axles. Both types of loco- 
motive have electrically operated camshaft control and incor- 
porate forced ventilation of resistors. The traction motors are 
fully spring-borne, and each axle is driven by transmission gear 
in the form of a Cardan shaft with universal coupling. 

For locomotive work, hand control of notching is practically 
essential at starting to cover all conditions of rail and weight 
of train, but it is claimed that automatic acceleration is con- 
venient, especially in restoring power after an interruption. 
Probably the first installation of automatic control of notching 
was that of the Cy + Cy 3000h.p. freight locomotive developed 
for the Limoges—Montauban section of the French National 
Railways in 1950. Multi-notch camshaft control with automatic 
acceleration was also installed in the By + By 2800h.p. mixed- 
traffic locomotives for the Belgian State Railways having a 
maximum speed of 80m.p.h. The automatic control system is 
rapid and permits the selection of alternative values of accele- 
rating current. Manual control is fitted in all cases. 

British locomotive practice has been restricted largely to the 
production of d.c. locomotives for South Africa, Spain, India, 
South America, Australia, etc., and in this country for the 
Manchester-Sheffield electrification. A typical example is the 
Cyo-Cy 3600h.p. 1500-volt dic. locomotive for freight and 


passenger work over long grades of 1 in 40 on the Indian Central 
Railway. 
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The basis of Swedish locomotive design!2 has been the necessity 
of conforming to a maximum axle load of 17 tons and making; 
as much weight as possible available for adhesion. For many / 
years, rigid-frame side-rod-jackshaft-drive locomotives were? 
universal, and up to the time of the Second World War there 
was virtually only one type of locomotive, a 1C1 type, increasing ; 
from 1 660h.p. in 1925 to 2500h.p. in 1952 with the same motor ; 
dimensions. More locomotives of this type were pa 
than of any other single type in the world. 

For the operation of very heavy iron-ore trains, 1D + D1 
5000h.p. locomotives were introduced in 1953. With a maxi-- 
mum tractive effort of 52 tons, they were capable of hauling» 
3 500-ton trains up grades of 1 in 100. The maximum speed is; 
47 m.p.h., and the locomotives are among the most powerful in 
Europe. 

The demand for higher speeds in Sweden has led to thea 
development of higher locomotive ratings. Locomotives with) 
the lower axle load of 15 tons are allowed to operate at 6-9 m.p.h. | 
higher speeds than those with an axle load of 17 tons. Two), 
locomotive types have been produced, a universal 1C1 2 500h.p. | 
75-ton side-rod locomotive with adjustable axle loads of eithatl | 
5 x 15 or 3 X 17 +2 x 12 tons (by moving the pivot bolt cf! 
the balance, a larger or smaller weight is transferred to the ponyy 
axles) and with two gear ratios to give a maximum of 62 cr! 
84m.p.h. The other type Ra, put into trial operation in 1955, ) 
is a 62-ton By-By of 3 300h.p. with a maximum speed of 93 m.p..i) 


(5.1) Single-Phase Standard-Frequency Locomotives 


Locomotives used on standard-frequency supplies can beg 
divided into two groups depending on whether they use a.c. oz 
d.c. traction motors. The types so far employed on existing? 
installations have been so varied that it is considered advisable toc, 
refer briefly to their historical development. 

The first trials of the Kando phase convertor were made } 
the Hungarian State Railways as long ago as 1918 on the 16k¥y_ 
single-phase 50c/s system. In 1950-1952, four 3200h.p. 89-tomy 
locomotives with an unusual By-Cy wheel arrangement wered: 
put into operation. In these locomotives a frequency changer} 
was added to the phase convertor to facilitate change of speed 
Although the system had advantages in the simple induction 
motor, high power factor, good adhesion and automatic regenera-| 
tive braking, the high cost and complication of these locomotives} 
had told generally against the adoption of this system elsewhere2 
But the 3-phase induction motor was attractive enough to bel 
embodied in locomotives ordered for the Valenciennes—Thionville} 
line referred to later. 

In the Hollenthal trials (1936), two water-cooled-rectifier| 
locomotives, one with a.c. series commutator motors and one/ 
with a phase convertor, were put on trial. Maintenance of the) 
rectifiers and the auxiliary drives of the phase-convertor loco») 
motive was heavy; the greatest mileage was run by the locomotive/ 
with series commutator motors, where the chief complaint was} 
that of excessive brush wear.* In 1946 a fifth locomotive} 
equipped with four double-armature series commutator motors) 
was ordered. . 

Trials on the Annecy line began in 1950 with locomotives oe) 
varying design. The possibility of working into stations already 
electrified on the 1 500-volt d.c. systems was envisaged, and twcj_ 
of the original three locomotives were dual equipped, bul) 


motor driving three d.c. generators each of which supplies twel ‘ 
axle-hung motors in each of three bogies. j 

General operating experience on the Annecy line confirmec| 
the decision to use the same system on the industrial lines it! 


‘ North-Eastern France, the first section of which to be equipped 
/ was from Valenciennes to Thionville. It was decided to use 
{ four types of locomotives, and as standardization of components 
had become increasingly recognized as an effective way of 
i 


) reducing costs, considerable attention was given to this in the 


» ail types, but much of the bogie design was derived from existing 
' and well-tried 1 500-volt d.c. counterparts. A feature of all these 
‘ locomotives is the single cab, simplifying and reducing the 
equipment required and permitting a degree of manual control 
) of apparatus within reach. 
) Freight traffic predominates on the Valenciennes—Thionville 
i line, so that the majority of locomotives (85 out of 105) ordered 
\ to replace 304 steam locomotives were of the Co-Cy type. 
| The remaining 20 By)—By locomotives were for hauling passenger 
| and light freight trains.!° Many of these had been in service 
- since August, 1954. 

_ The a.c. locomotive has an inherent advantage in starting 
loads requiring tractive efforts near the limit of adhesion, due to 
the fact that its traction motors are in parallel at all times, as 
compared with the 1 500-volt d.c. locomotive, whose motors are 
normally paired in series with resultant upset under wheel slip. 
+ On the Valenciennes-Thionville 50c/s electrification, the French 
{ Railways, from operating experience, assess this advantage 
: directly in terms of train loads which can be started and hauled. 
_ The a.c. locomotive was booked to haul train loads over 40% 
_ greater than its 1500-volt d.c. counterpart of equal weight and 
! with bogies of similar design. The 85-ton ignitron locomotives 


| 
fF 
| 


. initially specified to haul 750 tonnes on up-gradients of 1 in 100 
' were scheduled to haul 1400 tonnes, three months after being 
put into service in July, 1954. This figure has been increased 
' since July, 1955, to 1600 tonnes for the second series of the 
- 12000 class locomotives on which the gear ratio has been changed 
| trom 73: 19 to 73 : 17 (see Reference 18). 
It is clear that the high capital cost of locomotives necessitates 
» intensive use, and that the mixed-traffic type capable of high 
t Speed and high tractive effort is most desirable. The bogie-type 
locomotive is almost the only type under consideration to-day, 
* but there are still many problems in the design of bogies and in 
) the suspension and drive of traction motors. 
> It is difficult to foresee which of the many types of standard- 
+ frequency locomotive will ultimately prove the most satisfactory, 
‘ and it may well turn out that different types for different services 
will give the best overall results. There has been very rapid 
progress in the development and application of rectifiers to 
» traction, and many improvements have also taken place in the 
| design of the low-frequency a.c. series commutator motor in 
| recent years. The satisfactory development of such a motor for 
; 


work on standard frequency, which would be reliable and of low 
' maintenance cost, would bring a fundamental change in a.c. 
 traction.5 
ie (6) SPEEDS 
| Practically all the world’s highest speed runs from 1940 to 
_ 1952 were made by Diesel-electric trains, but the three years to 
1955 have seen remarkable timings by straight electric locomo- 
| tives. In 1939 an experimental 3-car set of the Italian State 
- Railways ran from Florence to Milan at an average speed of 
 102m.p.h. for the 195-8 miles, the maximum speed being 
 126m.p.h. To-day the fastest Italian runs are made by the 7-car 
luxury multiple-unit sets with a maximum speed of 98 m.p.h. 
Operating between Milan and Naples, 524 miles. Electric 
locomotive performance in Switzerland, where severe curvature 
and gradients are commonplace, has also been very high. The 
Re 4/4 type By-By locomotives weighing 57:5 tons sustain 
speeds of 75m.p.h. up gradients of 1 in 100 with 300-ton trains. 
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But the acceleration which followed the electrification in 1952 
of the Paris-Lyons main line of the French National Railways 
has been remarkable. The Mistral express, with its 4h 10min 
timing over the 317-4 miles is the fastest train in the world over a 
distance exceeding 300 miles. In winter, 28 trains each day are 
timed to average 60-70 m.p.h. with a maximum load of 789 tons 
on most of the trains. The longest regular non-stop train in the 
world (except for the London—Edinburgh run of the Elizabethan 
in summer) from Paris to Bordeaux, 359-7 miles in 4h 59 min 
(72:2m.p.h.), is electrically hauled. 

This daily high-speed running is at present restricted to a 
maximum of 87m.p.h., and the French National Railways are 
carrying out many trials to determine, among other investigations, 
the stability of locomotives and rolling stock, to measure the 
forces on the track at the highest speeds, and to study the 
behaviour of pantographs and overhead equipment. Thus in 
February, 1954, the world speed record of 151 m.p.h. was set up 
on a test run between Dijon and Beaune. The high-speed 
experiments at Morcenx culminated in March, 1955, in the 
phenomenal speed of 205:6m.p.h. attained over 21 miles on the 
former Midi main line between Bordeaux and Hendaye by a 
4400h.p. Co-Cy 106-ton locomotive. This performance was 
equalled on the following day by a By—B, locomotive of similar 
horse-power weighing only 79 tons. At top speed these loco- 
motives were developing 12000h.p.—an indication of the effect 
of wind resistance. 


(7) REVIEW OF ELECTRIFICATION IN THE PRINCIPAL 
COUNTRIES OF THE WORLD 
(7.1) Europe 
(7.1.1) Great Britain. 

Soon after the nationalization of railways in 1948, the then 
Railway Executive and London Transport Executive set up a 
Committee under the chairmanship of Mr. C. M. Cock to 
consider the future development of electrification of British 
Railways. The Committee’s report, published in 1950, endorsed 
the main conclusions of the Pringle Report which had in 1927 
recommended the 1500-volt d.c. overhead-conductor or the 
750-volt d.c. third-rail systems as the future standards. The 
1950 report proposed that, apart from an area allocated for the 
development of the Southern Railway third-rail system and the 
fourth-rail extension of the London Transport lines, 1 500-volt 
d.c. should be the standard system. The Committee did not 
rule out the possibility of 3000 volts d.c. or single-phase a.c. 
at 50c/s. 

Since the war, two major 1 500-volt d.c. electrification schemes 
have been completed. The Liverpool Street-Shenfield suburban 
electrification was inaugurated in 1949, and the first stage of the 
Manchester-Sheffield—Wath was electrified in 1951, the final stage 
being completed in January, 1955.14 Equipment in power 
stations and substations of the Southern Region’s earlier elec- 
trified lines had reached the end of its economic life, and in 1950 
the frequency conversion scheme from 25 c/s to 50c/s was begun. 
The scheme provided for 300 feeder-miles of 33 kV oil-filled cable, 
71 substations and 70 track-paralleling huts remotely controlled 
from three control stations at Raynes Park, Lewisham and 
Selhurst. The work was scheduled for completion in 1957. 

The growing interest in standard-frequency electric traction 
was marked by the conversion of the Lancaster, Morecambe and 
Heysham lines of the London Midland Region to the 50c/s 
system in 1953. The lines had been equipped for 6:6kV 25c/s 
single-phase traction by the Midland Railway in 1909 and the 
original plant was overdue for renewal. The 6-6kV line voltage 
was retained and three 3-car rectifier trains were put into service. 

Work is progressing on the 31 route-mile extension of the 
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Shenfield electrification to Chelmsford and Southend (Victoria), 
and is scheduled for completion in January, 1957. 

In January, 1955, the British Transport Commission submitted 
their plan to the Minister of Transport for the modernization of 
British Railways!®, Steam power was to be replaced by electric 
or Diesel traction. The Eastern and North Eastern Region main 
lines from King’s Cross to Doncaster, Leeds and possibly York, 
and the London Midland Region main line from Euston to 
Birmingham, Crewe, Liverpool and Manchester will be elec- 
trified. The Eastern Region line now being electrified to 
Chelmsford was to be extended to Harwich, Clacton and Felix- 
stowe. Suburban electrification was proposed for the King’s 
Cross to Hitchin and Letchworth, the London, Tilbury and 
Southend, and the Enfield—Chingford—Hertford-East-Bishops 
Stortford lines; and electrification around Glasgow, recommended 
by the Inglis Report of 1951, was included. 

All this work will be affected by the British Transport Com- 
mission’s decision in March, 1956, to adopt as standard the 25kV 
50c/s single-phase system, subject to the approval of the Minister 
of Transport. But the third-rail d.c. system is to be retained for 
the extension of the Southern Region services to Ramsgate, 
Dover, Folkestone and Hastings, which were also included in 
the plan. 


(7.1.2) Austria. 

Eight hundred and fifty-five route-miles, or 23%, of the total 
mileage carrying nearly 50% of all traffic has now been electrified 
at 15kV single-phase 163c/s. The backbone of the electrified 
system is the great East-West route from Hegyeshalom, 35 miles 
from Vienna on the Hungarian frontier, to Bregenz on Lake 
Constance (527 miles). Electrification of this important route 
from Switzerland to Vienna began in 1919 with the Arlberg and 
Salzkammergut sections, and was completed in 1953 with the 
electrification between Amstetten and Vienna (97 miles). 

The other main electrified route is the North-South line between 
Germany and Italy, completed in 1953 by electrification of the 
section from Villach to Tarvisio (17 miles), where connections are 
made with the Italian State Railways’ electrified main line to 
Udine. The connection to Jugoslavia from Villach via the 
Karawanken tunnel was due for completion in 1955. In this 
year also the line between Passau and Wels, 51 miles, was 
equipped to facilitate through working from Frankfurt to Vienna 
via Nuremberg. 

Planned extensions include the section from Amstetten to 
Eben, 10 miles from Bischofstofen, so providing a relief route to 
the East-West main line, especially between Linz and Wels. 
Electrification proposals for the country covering 50% of the 
system will be completed with the conversion of the southern 
main line over the Semmering Pass, Vienna—Bruck-an-der-Mur-— 
Graz (131 miles) and the Bruck-an-der-Mur—Klagenfurt-Villach 
section (131 miles), by which time steam traction will be elimi- 
nated and the secondary lines operated by Diesel trains. 


(7.1.3) Belgium. 

Main-line electrification was initiated in 1935 on the 3 000-volt 
d.c. system over the 28 miles between Brussels and Antwerp. In 
1949 the separate freight line between Brussels (Linkebeek) and 
Antwerp North (43 miles) and the Brussels—-Midi—Charleroi 
(34 miles) were electrified. The building of the Brussels Junction 
Railway between Nord and Midi, brought into use in 1952, was 
allied with the electrification programme. 

Electric working began on the Brussels-Ghent-—Ostend line in 
June, 1954, and on the Brussels—Louvain and Denderleeuw-— 
Alost sections in October, 1954. The electrification of the 
Ostend coastal area was completed early in 1955 with the con- 
versions of the Bruges-Knocke and Blankenberghe branches. 
The Brussels—Liége section (62 miles) was completed in October, 
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1955, and the electrification of the heavily graded line from) 
Brussels via Namur to Arlon on the Luxembourg frontier is to) 
be finished in 1956. When this has been carried out, nearly 
500 route-miles, or 16%, of the State railway system will have} 
been electrified. ; 

Arrangements are being made for through running wit 
suitably equipped multiple-unit stock between Antwerp and 
Holland by the extension of the Belgian Railways 3 000-volt d.c. 
system to Roosendaal to link with the Netherlands 1 500-volt; 
d.c. system. 


(7.1.4) France. ; 

The last progress review (1937) referred to the Marquet scheme, 
which was to connect the seaports of St. Malo and Nantes via‘ 
Le Mans and Paris to the Eastern Frontier Railway via Chateau- 
Thierry and also to electrification between Le Havre andy 
Marseilles via Paris. In fact, of the Marquet scheme only they 
section between Le Mans and Paris (132 route-miles) was com} 
pleted in 1937, but considerable work was carried out by thei 
former Paris-Orleans and Midi lines from Tours and Orleans} 
to the Spanish frontier via Bordeaux and Toulouse. Electric), 
working on the Séte-to-Nimes section (48} miles) began in 1947) 
Perhaps the most spectacular accomplishment has been the con- 
version of the Paris-Marseilles main line between Paris anc) 
Lyons (318 route-miles). The first stage from Laroche to Dijer, 
was inaugurated in 1950, and the final section from Chalon-sur4 t 
Saone to Lyons was completed in June, 1952. The extension) 
from Macon and Lyons to Amberieu and Culoz linked up with} 
the existing Culoz-Modane system. This made electric traction) 
possible from Paris via Modane and Rome to Villa San Giovarny 
in Southern Italy, a distance of approximately 1330 miless 
Projected electrification in Savoy includes the lines to Genevas 
All the electrification work noted above was installed on the) 
1500-volt d.c. system, but investigations carried out by Frenet 
engineers on the 50c/s single-phase system resulted in the experi), 
mental equipment at 20kV single-phase 50c/s of the line Aix-lesy 
Bains-Annecy-La-Roche-sur-Furon (48 miles). The voltage : 
was raised to 25kV in 1953, and the service was subsequenti:l) 
extended to Annemasse and St. Gervais. The 1500-volt d.ci) 
systems will be extended from Dijon to Déle, but the 25k) 
single-phase 50c/s system will continue from Déle to Vallorby 
and from Frasne to Pontarlier. Success in the Annecy trial). 
led to the decision to apply the 50c/s system to the Valenciennes) 
Thionville line in Northern France, and the whole sectiori 
225 route-miles, was completed in August, 1955. Work i} 
proceeding westward on the extension to Lille and to the eas}. 
from Thionville to Metz, Strasbourg and Basle. 

The electrification of the following sections has been planned 
Valenciennes-Somain, May, 1957; Somain-Longueau, Douaii 
Ostricourt, Ostricourt-Lens, October, 1957; Longueau—Parisj) 
May, 1958; Paris-Longueau via Ormoy, 1959. Possible develorj). 
ments include the electrification on this system from Paris vi} 
Nancy to Reding on the Metz-—Strasbourg section. 


(7.1.5) Germany. 


German railway electrification was developing on the 15k 
single-phase 16%c/s system in three areas before the Secon 


ments with a frequency of 50c/s were begun on the Hollenthaj 
line in 1933, but a continuance of the existing 15kV 163c¢j 
system was reaffirmed in 1953. The conversion of the Hambun} 
suburban lines from 6-6kV single-phase 25c/s to 1200 volts d.)) 
third-rail was begun in 1938, but was not completed until 195 
Much of the electric equipment of the lines in Eastern Germarj 
was removed in 1945, but war damage and dismantling has bee} 
made good on the Halle-Kothern section, and it is probabi 
that further sections of the Magdeburg—Leipzig lines will t) 


« re-equipped. The bulk of the Federal Railways’ electrification 
) is in Wiirtemberg and Bavaria. By 1938, 728 route-miles had 
} been converted in this area, largely made up of the Stuttgart— 
j Munich and Regensburg lines to the Austrian frontier at Kufstein 
i Salzburg. In 1950 the Nuremberg-Regensburg section 
| (62-5 miles) was converted, followed in 1954 by electric working 
between Nuremberg and Wiirzburg. In 1955 the extension from 
) Bruchsal to Heidelberg was completed, bringing the total present 
| electrified route of the German Federal Railway to over 
| 1200 miles, or 6% of the total. Planned work in the Ruhr 
and Rhine areas includes the sections Hamm-—Dortmund-Essen- 
_Diisseldorf, followed by the alternative route, Dortmund— 
’ Gelsenkirchen, Essen—Oberhausen—Duisburg. The Rhineland 
' Palatinate Government has agreed to assist the Federal Railways’ 
‘four-year conversion scheme of the Ludwigshafen—Mainz-— 
lines. Projected extensions of electrification 
include the sections Wiirzburg—Aschaffenburg—Frankfurt and the 


F connection of the Basle-Freiburg section to the Karlsruhe 
| Mannheim line. Further plans embrace connecting lines in the 
| Frankfurt area and also the line between Remagen and Cologne. 


i 
| 


_ The Federal Railways have long been interested in battery 
rail-cars, and in 1952 they put into service a new type. Each 
/ long car of light-weight construction has a 945 Ah lead-acid 
a battery, giving an operating range of 155-186, or with a small 
‘intermediate charge, 248 miles daily. The total weight of the 


’ car is 55 tons; with a maximum speed of 56m.p.h. they are 
' considered profitable on secondary lines branching from electri- 
' fied routes. 
' Trials of three prototype locomotives were begun in 1952 and 
' resulted in orders for 195 mixed-traffic bogie type, confirming the 
trend away from the former rigid frame design. The E.10 type, 
“an 80-ton B)-By locomotive, is continuously rated at about 
* 4500h.p. 60m.p.h., with a short-time capacity of 6000h.p. 
_ An interesting standard-frequency electrification is that of the 
' Rheinische Braunkolen Company, for which 56 twin 120-125-ton 
locomotives were introduced in 1954-55 for working between the 
Coalfields and the power stations. The locomotives operate on 
a 6kV single-phase 50c/s system and have an output of 
2x 2400h.p. at 16m.p.h. with a starting tractive effort of 
' 2 x 440001b and a maximum speed of 43m.p.h. Fifty-three 
i locomotives are fitted with synchronous motors driving 750-volt 
dic. generators supplying nose-suspended motors through double 
; reduction gears. The remaining three are rectifier locomotives. 


- (7.1.6) Italy. 
' Italy, with a standard 3000-volt d.c. system, has the longest 
-route-mileage of electrified lines in Europe, now totalling, with 
* State and private ownership, 4138 miles. Extensive damage 
' Sustained by the electrified sections during the war has been 
| made good. 
In 1951, electric working was introduced in the first section of 
the Messina—Palermo line, and the whole section (144 miles) 
was completed during 1955. Further electrification in Sicily 
‘is planned from Messina to Catania, and from Bisocca to 
_ Fiumetorto. 
__ The work of converting the 3-phase electrification has been 
continued from time to time, and the 10kV 3-phase 45c/s 
 Rome-Avezzano-Sulmona line, electrified in 1928-33, was 
changed over in 1950 to facilitate the extension of the duc. 
electrification to Pescara. Work on the standard system is in 
‘progress between Pescara and Foggia, and Foggia to Bari. 
These sections form part of the great Bologna—Lecce line 
(496 miles), which follows the Adriatic coast to the heel of Italy 
and has already been electrified from Bologna to Ancona. In 
1954 the Bologna—Ferrara section of the main line to Venice 
was equipped, and this was extended to Padua in 1955. Work 
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is progressing on the section from Treviglio to Padua on the 
main Milan—Venice route. 


(7.1.7) The Netherlands. 

Steam locomotives have been replaced by electric or Diesel 
tractors on most services, and the modernization of the Nether- 
lands Railways is practically complete. This is remarkable, 
since nearly all the 355 route-miles of electrified line and equip- 
ment in existence before the war was destroyed during hostilities 
so that the entire system has been virtually recreated since 1945. 
The decision to continue to use 1500-volt d.c. traction was 
confirmed, and by 1950 all pre-war electrification services were 
restored and additional lines, including the Zwolle-—Leeuwarden, 
Meppel-—Groningen, Arnhem-—Zwolle sections, were converted. 
To-day the route-mileage totals 828. Work in hand comprises 
the Eindhoven—Venlo line. 


(7.1.8) Norway. 

By 1936, 176 route-miles had been electrified on the 15kV 
single-phase 16c/s system, and this figure had risen to 565 route- 
miles by the end of 1950. The Norwegian Parliament sanctioned 
in 1952 the electrification of 750 miles of the State Railway 
system to be completed in 15 years. This will bring the total to 
1 500 route-miles of electrified track, or 56% of the total system. 
The remaining mileage will eventually be operated by Diesel 
traction. At present, 790 route-miles have been electrified. 

Through electric working between Oslo and Stockholm was 
facilitated by the electrification in 1951 of the Lillestrom— 
Charlottenberg (71 miles) section via Kongsvinger. In 1953 the 
Lillestr6m—Hamar (66 miles), and in 1954 the Bergen—Voss 
(67 miles), lines were converted. Work in progress includes the 
Egersund—Stavanger section. Motive power on the State Rail- 
ways totals 441 steam and 103 electric locomotives. It is 
anticipated that, with the elimination of steam, the total number 
of tractors, electric and Diesel, will be less than 300. 


(7.1.9) Portugal. 

Interest in electrification has been stimulated by hydro-electric 
development, and following the report of a Portuguese Railway 
mission, the electrification is being undertaken of the suburban 
line from Lisbon (Rossio) to Sintra (17 miles), and in two stages 
the Lisbon-Entroncamento-Oporto main line (242 route-miles). 
This work is to be carried out on the single-phase 50c/s system. 


(7.1.10) Spain. 

Before the Second World War, approximately 288 route-miles 
of the Spanish National Railways were electrified. Most of this 
mileage, and also that of a number of privately-owned lines, was 
operated on the 1500-volt d.c. system; but the 19 route-miles 
between Nacimiento and Gador in Andalucia had been operated 
since 1911 on the 6kV 3-phase 25 c/s system, and in 1955 was being 
extended to Almeria. 

In 1951 the National Railways planned to electrify at 3 000-volts 
d.c. the main line from Hendaye on the French frontier to 
Algeciras (820 miles). Other electrification programmes have 
been announced from time to time, but financial difficulties have 
prevented their fulfilment. 

Existing electrification is concentrated around Barcelona, 
Madrid and the industrial North West. In 1948 the Barcelona— 
Mataro section was electrified, and in the following year the 
first stage of the Ponferrada section in the Cantabrian Mountains 
from Branuelas to Torre was put into operation at 1 500 volts dics 
and was extended to Ponferrada in 1954, and from Branuelas to 
Leén in 1955, when the whole section was converted to 3 000 volts 
d.c. The 39-mile Busdongo-Ujo section, electrified at 3 000 volts 
d.c. in 1924, was extended to Gijon (35 miles) in 1955, and work 
is proceeding on the conversion between Busdongo and Leén 
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(33 miles) to link with the Pontferrada electrified line. For these 
heavy-mineral lines, 60-3 600 h.p. (1-hour rating) 118-ton Co—Cp 
locomotives were built in Great Britain. They have a continuous 
tractive effort of 303601b at 36m.p.h., and regenerative braking 
is provided. The heavily graded section with numerous tunnels 
from Santander on the North Coast to Reinosa (55 miles) was 
converted to electric working in 1954. 

Possible further electrifications include the extension of the 
Barcelona—Matar6 section to Empalme, the junction with the 
line to the French frontier at Port-Bou. Electrified mileage in 
Spain now totals 1095 route-miles, including approximately 
350 route-miles of private lines. 


(7.1.11) Sweden. 


The electrified railway system of Sweden runs from the 
Norwegian border of the Narvik iron-ore line to Lulea (279 miles), 
and from Boden, near Lulea, to Stockholm. From Stockholm, 
all important lines are now electrified to the west and to Trelleborg 
in the southernmost tip of the country. In 1947 the State pur- 
chased the private Bergslagen railway, which had in the previous 
year completed the electrification of the Gothenburg—Gavle 
line (354 route-miles). Electric traction at 16kV single-phase 
163c/s was used for over 4100 route-miles, including some 300 
route-miles of private railways, giving Sweden a high place in 
world railway electrification. 


(7.1.12) Switzerland. 


There are over 3100 route-miles of electrified lines in Switzer- 
land, both State and privately owned. Of the Swiss Federal 
lines, 97°% are equipped on the 15kV single-phase 163 c/s system. 
The Rhaetian Railway, of metre gauge, the most extensive of the 
independent systems (245 route-miles), is completely electrified. 
This also applies to the Berne—Lotschberg—Simplon Railway, 
which has an importance far in excess of its comparatively small 
system. 

Recent conversions have been the Winterthur-Bauma—Wald 
line in 1951; the Saignelegier-La-Chaux-de-Fonds and Saigne- 
legier to Glovelier lines in 1952. To link up with the French 
National Railways, the electrification of the 10-mile section 
from La Plaine to Geneva (Cornavin) will be electrified at 
1500 volts d.c., and the French approach to Basle at 25kV 
single-phase 50c/s from the Lille-Valenciennes—Strasbourg line 
is to be accommodated by alterations to the existing Swiss 
15kV single-phase 163c/s system. In the same way, the electri- 
fication between the Badischer and the Hauptbahnhof and 
Muttenz yards at Basle will continue the German Federal Rail- 
ways’ Freiburg—Basle electrification. 


(7.1.13) The U.S.S.R. 


Prior to the Second World War, Russia had 1040 miles of 
electrified line, representing about 2° of the total system. 
Latest reports indicate that the electrified mileage is now about 
4%, mainly on the 3000-volt d.c. system. Two sections, 
Kalinen—Boogoje and Ozherelye Pavelets, have been electrified 
at 22kV single-phase 5S0c/s. A number of lines around Moscow 
have been electrified, and considerable extensions have been 
made to electric working over the heavily graded lines in the 
Caucasus. The electrification between Nikipol and Dolghintsevo 
in the Southern coalfields was completed in 1948 and was later 
extended to Zaporozhe. Hitherto, only suburban lines or short 
main-line sections with heavy. traffic or steep grades have been 
electrified. But the conversion of the Trans-Siberian line 
between the Urals and Kuznetzk, some 1500 miles, is reported 
to be in progress. An extensive electrification has been planned 
of the local lines in the areas round Leningrad, Kiev, Baku, 
Kuibyshev and Omsk, while in November, 1955, it was announced 
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that 6200 miles of line between Moscow and Vladivostock were 
to be electrified. 


(7.2) Asia 
(7.2.1) Ceylon. 

Hydro-electric development has stimulated interest in railway 
electrification, and proposals have been made for the electrifica, 
tion of the Colombo suburban system and the main line from 
Colombo to Kandy with its heavy gradients; also the line fron 
Colombo to Maho. 


(7.2.2) India. 

No electrification was undertaken between 1936 and 1954, bi 
then work began on the former East Indian Railway frony 
Calcutta (Howrah) to Burdwan via Bandel and the branch fronij 
Sheoraphuli to Tharakeshwar (262 single-track miles). This i | 
the first of six phases covering the suburban lines of the formes 
East Indian and East Bengal Railways from Howrah ane 
Sealdah, and has been scheduled for completion in 1957. Longy. 
term proposals cover the electrification of the Eastern Railway’ 
main line from Burdwan to Moghalsarai via the Grand Chore 
one of the busiest traffic routes in India. While the Bombay ai 
Madras electrifications are on the 1500-volt d.c. system, t 
Calcutta lines are to be at 3000 volts d.c., with a supply from ti 
Damodar Valley Corporation grid. The extension of thi 
southern electrified system from Tambarum to Villupuram hag 
also been approved. | 

During 1953 and 1955 additional up and down tracks betwees 
Bandra, Andheri and Borivili on the Western Railway, anc 
third track between Madras (Egmore) and Tambaram on ‘4H 
Southern Railway, were electrified. | 

In 1951, 24 4-car light-weight multiple-unit sets were supplied 
to the Western (formerly B.B. and C.I.) and Central (former 
G.I.P.) Railways Bombay suburban electrification. These aaj 
over 25% lighter than the original stock built for these lines” 
Seven Cy-Cy 123-ton 3600h.p. British-built locomotives wer), 
put into service on the Bombay—Poona and Igatpuri line in 195). 
Twelve locomotives of a similar type, but operating on 3000 vol} 
d.c., have been ordered for the Calcutta—Burdwan electrification): 


(7.2.3) Japan. 


According to published information Japan has a greater lengy 
of electrified route and track mileage than any other country -| 
the world. Although the Japanese National Railways ha” 
1165 route-miles electrified, the private companies have such} 
large proportion of electrified track that the total for the wha 
country is 6563 route- and 9026 track-miles. The 1500-vc 
d.c. system predominates. 

In 1947, the 167 miles from Ueno to Nagaoka were electrifies” 
Extensions of the main Tokaido line have been made from tix 
to time, and the electrification between Numazu and Nagoy) 
completed in 1953, permits electrical operation between Tok« 
and Nagoyo (230 miles). The section from Nagoyo to Maiba: 
(50 miles) was scheduled for completion in 1955. Extensioy 
are planned from Maibara to link up with the existing Osali 
electrified lines and on to Himeji and Okayama. It is ail 
proposed to electrify two routes north from Tokyo for 218 mili” 
on the Tohoku main line and 227 miles on the Joban line freq 
Ueno to Sendai. Tests are being carried out of the single-phaj 
50 c/s system on the line between Sendai and Sakunami (18 miled 

The desire to improve freight train timings and to elimina) 
delay to passenger trains has led to the introduction of loa! 
motives of the EH.10 type. These are By-By + Bo-Bo 123-t 
3300h.p. 3ft 6in gauge locomotives with a maximum speed |) 
52 m.p.h. 


| (7.2.4) Turkey. 


\ 


__ Contracts have been placed for the electrification of the 
_ Istanbul suburban lines on the 25kV single-phase 50c/s system. 
| The first section from the Sirkeci terminus to Soguksu (17 miles) 
| on the European side of the Bosphorus, with 18 3-car multiple- 
_ units sets, was completed in 1955. A set comprises two motor 
cars, each with one power bogie, and a central trailer car. The 
, two self-ventilated motors in each power bogie are axle-hung and 
, connected permanently in parallel, and are continuously rated at 
 325h.p., 240 volts. The line supply at 25kV is taken through 
i an air-blast circuit-breaker to ‘the main transformer. The trac- 
tion motors are supplied from a camshaft control equipment 
giving various tappings on the transformer secondary winding. 
| Knorr wheel-slip-detector relays are fitted. Three 2280h.p. 
_ 80-ton By-By locomotives were also built for this service. 

fe ; Further proposals include the electrification on the Asiatic 
‘side from Haydarpasa to Zongouldak on the Black Sea via 
| Ankara, and for an underground railway in Istanbul. 


(7.3) Africa 


| . (7.3.1) Belgian Congo. 
fe The single-track 3ft 6in gauge section of the Bas Congo au 
| Katanga Railway between Jadotville and Tenke (64 miles), near 


t 
_ the Northern Rhodesian frontier, was electrified on the 25kV 
4 single-phase 50 c/s system in 1951, and was extended from Tenke 
to Kolwezi (62 miles) in 1953. The further extension to Eliza- 
_ bethville (84 miles) is in hand. The development of hydro- 
electric power facilitated the conversion which had been forced 
_ by increased traffic demands for heavier trains at higher speeds 
_ in a country where the importation of coal and oil is costly and 
difficult. 
_ Twelve By-By locomotives, axle loading 18-5 tons, 1 680h.p. 
_ (-hour rating), capable of hauling 550-ton trains at 28 m.p.h. 
( up 1 in 80, were initially provided. The main equipment of 
these locomotives comprises a step-down transformer with 


ie variable tappings on the secondary side and four double-armature 
‘ ‘single-phase commutator motors. 
: 
t 


~ (7.3.2) South Africa. 

It is now planned to eliminate steam traffic in and around 
~ Capetown, Durban, Pretoria and the Reef. The Natal system 
_ from Durban, which extends to Volksrust and Harrismith, totals 
| 427 route-miles. In the Witwatersrand (Reef area) some 
‘ 206 route-miles have been electrified, and ultimately it is proposed 
- ‘to link this system with the Natal Railway at Volksrust via 
_ Germiston. The Capetown-Simonstown line (22 miles), elec- 
| trified in 1928 at 1 500 volts d.c., has been converted to 3 000 volts 
' d.c. to conform to the standard of the Union. The electrification 
of the main line from Capetown to Touws River (149 miles) was 
completed in May, 1954, bringing the total electrified route- 
 tnileage of the country to 861. 

Seventy-two 3000-volt d.c. motor-coach equipments, manu- 
_ factured in Great Britain, were recently introduced on the Cape 
' Western suburban system, together with 40 class 4.E 155-ton 
_ C)-Cy locomotives of 3 030h.p. 

The latest electric locomotives on order for the Natal main 
line comprise 60 class 5.E 83-ton B,—By locomotives of 2000 h.p. 
with a maximum speed of 60 m.p.h. 


a (7.4) America 
~ (7.4.1) Argentina. 
The first long-distance electrification, that of the Argentine 
 Transandine line, part of the General San Martin Railway, has 
been proposed. This will be made possible by the building of 
‘two hydro-electric stations at Mendoza. One hundred and 
twenty-five miles of metre gauge are to be equipped, with branches 


E GRIEVE: ELECTRIC TRACTION 


AS) 


to Mendoza to link with the Chilean Transandine line already 
electrified at 3000 volts d.c. The system to be adopted is 27kV 
single-phase 50 c/s. 

Further proposals include the electrification of the Buenos 
Aires—Rosario line, the Cordoba Hill system, the Tucuman 
suburban lines and from Tucumdén to La Quiaca on the Bolivian 
frontier. 


(7.4.2) Brazil. 

The Paulista—a private 5ft 3in gauge line under the super- 
vision of the Federal and Sao Paulo State Governments—now 
totals 451 route-miles on the 3 000-volt d.c. system from Jundiai 
to Rincdo and from Itirapina to Bauru. The Bauru—Cabralia 
section is under conversion. At Jundiai it connects with the 
Estrada de Ferro Santos a Jundiai (formerly the Sao Paulo 
Railway), which was electrified for 87 miles to Maua between 
1950 and 1952. It is ultimately planned to complete the electri- 
fication to Santos on the coast. Prior to 1939, the Central Rail- 
way had 44 miles of electrified line from Rio de Janeiro to Bangu 
and NovalIguacu. The extension of electrification has proceeded 
steadily, having reached Santa Cruz in 1945 and Barra do Parai 
in 1949, and now totals 194 route-miles. Orders for 100 motor 
coaches and 100 trailers complete with electrical equipment, and a 
further 100 car sets of electrical equipment for coaches to be built 
in Brazil, were placed with British manufacturers in 1954. The 
metre-gauge Sorocabana has electrified over 340 miles on the 
3000-volt d.c. system since 1944, and extensions have been 
planned on the section Sorocabana—Bernardino-de-Campas— 
Assis—Presidente-Prudente and Presidente-Epitacio. In 1950, 
14 metre-gauge mixed-traffic By-B) 1080h.p. (I-hour rating) 
locomotives were built in Great Britain for the Rede Mineira de 
Viaéao, and 10 similar locomotives of the same manufacture 
for the Paran4—Santa Catharina Railway. The Rede Mineira de 
Viacao electrified the 152 route-miles from Divinopolis to Bello 
Horizonte in 1953 on the 3000-volt d.c. system. The electrifica- 
tion by the Eastern Railways of Brazil of the suburban lines of 
Salvador, capital of Bahia, were included in the 1954 Brazilian 
development programme. 


(7.4.3) Canada. 

The electrification of the Toronto Subway, opened in March, 
1954, on the 600-volt d.c. system, presented several interesting 
features. It was 44 miles long on the 4ft 10$in gauge. The 
rolling stock had several unusual features: each car was a motor 
car with a single driving end, and each bogie carried a pair of 
Cardan-shaft-drive traction motors with high-ratio right-angled 
gearing. Trains are made up in pairs of cars up to 8 and 
accelerate at 2:3m.p.h./sec on the level. Braking is preset to 
give a maximum retardation of 3-0m.p.h./sec. 


(7.4.4) The United States. 

The tremendous development of the Diesel-electric locomotive 
in the United States has not only put a stop to main-line electrifi- 
cation but has superseded electric working on some lines. 

An interesting case was the reversion of the Norfolk and 
Western Railway to steam working after 35 years of electrical 
operation, following realignment and the building of the new 
double-track Elkhorn Tunnel. This is the only major United 
States railway entirely under steam operation; in 1954 it intro- 
duced a 4500h.p. 586-ton steam turbo-electric locomotive. 
Electric working through the Detroit River tunnel, comprising 
in all 28 track-miles, begun in 1910, was abandoned in 1953. 
Ventilating plant has been installed to clear Diesel fumes from 
the tunnels. The 3000-volt d.c. ‘smoke abatement’ electrifica- 
tion installed in 1930 for the Cleveland Union terminals has 
been displaced, and trains are now all Diesel worked. The 
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Sacramento Northern has reduced its electrified route-mileage 
by over 70 route-miles. 

Four twin-unit Bp o-By + By-By) 446-ton motor-generator 
locomotives, maximum tractive effort 260 000 lb, maximum speed 
50m.p.h., were put into service in 1949 on the 11 kV single-phase 
25c/s Virginian Railway for hauling heavy coal trains. Interest 
in rectifier locomotives resulted in the introduction on the 
Pennsylvania Railway in 1949 of a motor coach with four 
ignitrons, and in 1952 of two twin-unit ignitron locomotives. 
In 1954 the first of ten ignitron locomotives of 4000h.p. were 
under manufacture for the 11kV single-phase 25c/s New York, 
New Haven and Hartford main line, which changes over to 
660-volt d.c. third-rail in the city terminal area. This railway 
has also recently introduced 100 rectifier-motor coaches with the 
same facility. The water-cooled ignitrons are resiliently mounted 
on the under-frame. Change-over from 600 volts d.c. rail to 
11kV overhead is carried out at about 30m.p.h. Shoegear is 
raised pneumatically, and the correct connection of equipment is 
governed by voltage relays. The Virginian Railway has 
recently ordered twelve 3300h.p. Cy-Cp single-anode-rectifier 
locomotives. 

Motive power on the Great Northern 74-mile electrified section 
from Wenatchee and Skykomish, including the Cascade tunnel, 
is under review. The alternatives are complete Diesel working, 
Diesel working retaining the electrified tunnel section, or exten- 
sion of the electrification, perhaps as far as Seattle (84 miles). 


(7.5) Australasia 
(7.5.1) Australia. 

In 1954 the first section of the heavily graded Gippsland main 
line in Victoria from Dandenong to Warragul, 61 miles from 
Melbourne, was converted, and work is continuing on the 
Warragul—Traralgon section, a further 37 route-miles. The 
electrification will facilitate the handling of raw brown coal and 
briquette traffic between Melbourne, Moe and Morwell. The 
maximum gradient is 1 in 50, and twenty-five 2400h.p. Cy—-Cp 
locomotives have been ordered, with tractive efforts of 48 0001b 
(starting) and 282001b (1-hour rating). 

In New South Wales, extension of the suburban system from 
Paramatta to Blacktown was completed in 1955, and the electri- 
fication of the Sydney—Lithgow (97 miles) main line to facilitate 
the handling of heavy coal traffic over the Blue Mountains is due 
for completion in 1957. Forty 3850h.p. locomotives and ten 
8-car multiple-unit sets have been ordered for this section. 


(7.5.2) New Zealand. 

The problem of suburban working in and around Wellington 
was eased by the electrification of the Wellington—Johnsonville 
line in 1938 and the Paekakariki line in 1940. In 1953 the first 
section of the Hutt Valley line was electrified, and was completed 
to Upper Hutt in 1955, giving Wellington a modern suburban 
service of some 50 route-miles. The track gauge is 3 ft 6in, and 
all systems are at 1500 volts d.c. In 1952, seven 1800h.p. 
75-ton articulated mixed-traffic British-built locomotives of the 
By-By-By type were introduced. To facilitate wayside shunting, 
these locomotives have long-time-rated resistances. Proposals 
for electrification in and around Auckland have not yet found 
justification. 
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i SUMMARY 
In British switchgear, maps: during the period under review 


fore It has also 
‘been directed faqoras aon the size ane cost of switchgear and the 
buildings in which indoor gear is mounted. 

_ The techniques of oil, air-break and air-blast interruption, and of 
multi-break design, with various forms of voltage division, have all 
| been exploited to assist in achieving these aims. There is now little 
|Toom for further reduction in the minimum size of switchgear for a 
given voltage, but the MVA rating for the smallest frames, already 
| ‘doubled in this period, will no doubt continue to increase in the future. 

} The upper limit of MVA has increased seven times in the period 
under review, and there are no obvious limitations to further progress; 

| iti is to be expected that the MVA rating available in circuit- breakers 
’ of British design will continue to exceed those required on contemporary 
| networks. 


(1) INTRODUCTION 


_ Reviews of progress in the field of switchgear, that have 
fappeared in the Journal, have been concerned with metal- 
clad equipment! and high-voltage circuit-breakers.2 The 
present review covers the field of indoor and outdoor alternating- 
current circuit-breakers and associated metaiclad structures, 
with special reference to progress made since 1945, 

The concentration of effort on development and testing of 
British circuit-breakers has continued since the war with in- 
‘creasing momentum, largely as the result. of the activities of the 
six large short-circuit testing plants now available. These test 
plants are associated for the technical control of testing technique 
‘and certification of short-circuit ratings in the Association of 
‘ Short-Circuit Testing Authorities (A.S.T.A.) founded in 1938. 
i ‘The testing codes issued by this body elaborate the basic specifi- 
cations drawn up by the British Standards Institution, and fill 
in much detail found desirable as the result of experience. 

- This period has seen metalclad switchgear consolidate its 
| position as the standard British equipment for indoor duty up 
to 33kV, offering more MVA capacity per cubic foot of sub- 
Station volume than previously, despite the more stringent 
_ testing to which these designs are now subjected. Air-break gear 
has made marked inroads at the lower operating voltages on the 
Monopoly previously held by oil circuit-breakers, both being 
used in conjunction with metalcald boards. At the highest 


voltages, air-blast equipment has entered the field in competition 


with outdoor oil circuit-breakers, and above 132kV it is numeri- 
Cally in the majority. The versatility of the oil circuit-breaker 
in its various forms has, however, enabled it to be produced to 
“meet the greatly increased ratings now required, and the art is 
‘Perhaps too fluid to draw final conclusions as to the extent to 
‘which air and air-blast designs will supersede oil equipments in 
the future. 

Tn a review of this nature, it is not possible to refer to every 
type available; an attempt has been made to discuss the develop- 
‘MIhent exhibited in current British practice for the most important 
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types of duty and to illustrate some typical designs and those of 
special technical interest. 

No review of British switchgear would be complete without 
reference to the activities of the British Electrical and Allied 
Industries Research Association, which has continued to advance 
the background of theoretical knowledge of arc-interruption 
phenomena and network characteristics affecting circuit-breaker 
performance. 


(2) SPECIFICATIONS CONTROLLING THE DESIGN OF 
BRITISH SWITCHGEAR 


(2.1) British Standards 


There are a number of British Standards applying to switch- 
gear, but B.S.116, controlling the short-circuit testing and general 
design requirements for oil circuit-breakers, reflects most closely 
the development and progress in the art. This Standard was 
first issued in 1923; it was revised in 1929, in 1937, and again in 
1952. Among the more important changes are the extension in 
range of breaking capacities and voltages, which now include 
275kV, the introduction of impulse testing for outdoor switch- 
gear, an increase in through-current short-circuit test duration 
from one to three seconds, and a differentiation in permitted 
temperature rise between silver-plated and plain copper contacts 
in oil or air, reflecting the more stable character of silver-plated 
components. 

Although not directly applicable to air-break and air-blast 
circuit-breakers, for which categories specifications are in 
preparation, B.S.116 is, in practice, used for the testing of these 
types, with appropriate modifications and A.S.T.A. codes. 

B.S.116 bases the MVA breaking-capacity rating on sym- 
metrical current, and British practice is to assign total-current 
ratings 25% higher. 

In comparing British and American ratings, it should be 
noted that the latter are normally based on total current, with a 
variable ratio between symmetrical and total current. Simple 
conversion of rating from one system to the other is therefore 
impossible. As total current is often the principal limitation in 
circuit-breaker performance, the breaking-capacity rating of many 
British designs can be raised by 25° in terms of MVA, based 
on the American system. 


(2.2) A.S.T.A. Rules 


The A.S.T.A. rules can be divided into two classes: first, 
rules which interpret the British Standards and which, after 
experience, may be incorporated in British Standard revisions; 
secondly, rules for testing equipment for which there is no 
adequate British Standard and for controlling additional test 
duties introduced to meet particular requirements of h.v. 
transmission systems. 

In the first of these two classes are the rules which deal with 
assessment of performance under the following subject headings: 
evaluation of oscillograms, emission of gas and oil, failure to 
trip, damage to operating mechanisms and tank linings, and 
the burning of contacts. 

Furthermore, the necessary requirements for proving the 
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making capacity of circuit-breakers have been more completely 
specified in the A.S.T.A. rules than in B.S.116: 1952 or L.E.C. 56/1. 

In the second class, the rules can be placed in three groups 
as follows: 


(a) Rules for testing those types of switchgear for which there 
are no approved specifications. 

(b) Rules for the unit testing of circuit-breakers. 

(c) Rules for additional tests to meet special requirements. 


The rules in group (a) follow the pattern of B.S.116: 1952 as 
far as possible. 

Those in group (b) cover the testing of circuit-breakers with a 
rating exceeding the test-station output, but which can be sub- 
divided into a number of unit interrupters, as is the trend in 
design. In this case, the A.S.T.A. rules are more in the nature 
of a basic guide, and the number of test duties can vary con- 
siderably, depending on the type and specific design of the 
circuit-breaker. These tests, in particular, have added con- 
siderably to the effectiveness of the short-circuit testing technique 
for large circuit-breakers. The A.S.T.A. rules require that the 
validity of unit testing shall be confirmed by appropriate voltage- 
division measurements; for some types of circuit-breaker they 
require proof of the distribution of arc-extinguishing fluid 
between the several breaks. 

Group (c) includes some of the extra test duties that may be 
necessary when testing certain classes of high-voltage large- 
capacity circuit-breakers. The rules for the testing and certi- 
fication of circuit-breakers fitted with auto-reclosing mechanisms 
come in this group. Additional making tests are required to 
prove that the circuit-breaker can withstand the effect of pre- 
arcing at high voltages. 

The resulting test procedure has therefore become far more 
elaborate and searching, not only as regards checking the range 
of performance investigated, but also in respect of the quality 
of performance afforded. The extent of testing required on a 
large circuit-breaker under a combination of British Standard 
and A.S.T.A. techniques has risen from two tests comprising a 
single B-2-MB duty in 1929 to five 3-test duty cycles in 1937, 
and to the present condition which requires approximately 40-50 
individual short-circuit tests for comprehensive certification of a 
large circuit-breaker. The typical distribution of these testing 
requirements is shown in Table 1. 


Table 1 


TYPICAL SCHEDULE OF PROVING TESTS FOR A HIGH-VOLTAGE CIRCUIT-BREAKER WITH A LARGE SHORT-CIRCUIT CAPACITY 
AND HAVING 4 BREAKS IN SERIES PER POLE . 
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; Percentage of rating 
pot Duty ae Purpose of tests 
Current Voltage 

3 B Whole 10% 100% British Standard series 
3 B Whole 30% Max. available British Standard series 

3 B Whole 60% ; Max. available British Standard series 
| 3 B Whole 100% (symmetrical) Max. available British Standard series 

2) M Whole 100% : Max available British Standard series 

3 BL Whole 100% (asymmetrical) Max. available British Standard series 

1 Short time Whole 100% As convenient British Standard series 

3 B Whole Max. available 100% Voltage distribution 

3 B Half 100% | Max. available Voltage distribution 

2 M Whole Max. available 100% Voltage distribution 

3 B Half 30% 50% Unit tests 

3 B Quarter 60% Df Unit tests 

3 B Quarter 100% (symmetrical) WSS Unit tests 

3 B Quarter 100% (asymmetrical) WSS, Unit tests 

2 M Quarter 100% D/A Unit tests 
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(2.3) Standardization of Operational Features 


A new aspect of British switchgear standardization has bee, 
introduced as the result of the nationalization of the electrice 
generation and distribution industry by the setting-up of thi 
Central Electricity Authority and Area Boards. These bodiek 
in collaboration with the British Electrical and Allied Man 
facturers’ Association have established a Joint Switchgear Sut 
Committee whose terms of reference are to discuss aspects 
switchgear standardization outside the scope of the British Stand 
dards, with the object of drawing up agreed specifications whic: 
will form the basis of the purchasing specifications of the C.E.A¥ 
and Area Boards. Through this channel a considerable measur 
of standardization of operational features has been and is bein 
introduced; this affects more especially such functions as inte 
locking, earthing, control, protection, instrumentation an 
facilities for transportation and easy erection, together wt) 
selected preferences chosen from the British Standard rating) 
available. Although intended as standards for the nationalize 
power industry, there is a growing tendency for other users ~ 
adopt them. 


| 
| 
‘ 

| 
| 


(3) INDOOR SWITCHGEAR 


(3.1) Foreign Practice 


On the Continent of Europe, the usual practice is to empiay 
open-type cellular gear incorporating low-oil, air-break <¢| 
forced-blast air-break circuit-breakers, the air-break units be: 
primarily employed for small breaking capacities and the lowe 
voltages. There is a limited production of air-break circui) 
breaker equipment with metalclad enclosure up to I5ky 


of general practice, but there are in production a few rang iy 
incorporating such circuit-breakers in metalclad enclosures. 
In America, dead-tank oil circuit-breakers embodied in metaq- 


but they are still significant in number. The trend is towards tf] 
air-break circuit-breaker mounted in air-insulated sheet-steq 
metalclad draw-out structures for ratings up to 500 MVA 
15kV. For higher indoor ratings, air-blast designs are incread 
ingly superseding oil circuit-breakers, and are available up ~ 
2500 MVA at 15kV and 5000 MVA at 69kV (American ratings} 


._ ao 


(3.2) British Practice 


The stringent British Home Office requirements as regards 
alety to personnel are reflected in British circuit-breaker 
practice. They have had their influence in rendering the open- 
ype cubicle equipment obsolete at lower voltages, and have 
ncreased continuously the degree of interlocking considered 
essential in metalclad designs. This influence, together with the 
a creased cost and space requirements for air-break gear, has 
until recently concentrated development on oil-immersed dead- 
fank metalclad equipment throughout the range of indoor 
“service requirements. Continuity of development and testing 
over a long period has resulted in a high degree of reliability 
and safety, and the dead-tank class of gear represents the major 
and for indoor equipment from 3-3 to 33kV, whether 
orporated in air-insulated, compound-insulated or  oil- 
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insulated metalclad structures. A number of installations of 
this type have also been built for 66kV service. In the period 
under review, however, air-break circuit-breakers mounted in 
air-insulated sheet-steel metalclad enclosures have been developed. 
These have been designed for 440 volts and 3:3kV, and they 
are extensively used in installations where the advantages of 
air-break gear, such as freedom from risk of oil fire and reduction 
in contact maintenance, can outweigh disadvantages, such as 
increased space or cost and some reduction in dielectric security 
arising from increased risk of moisture absorption. 

Within the last few years, a new trend has emerged in which 
both 66kV and 132kV outdoor equipments are housed indoors 
in order to protect them from atmospheric pollution or to save 
space. These installations can be either of normal open-type lay- 
out with conventional isolators, or arranged in fully segrated 
compartments with swinging-bushing through-wall isolators. 
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Fig. 1.—Air-insulated 11kV 500MVA metalclad unit with double-break vertical drop-down oil circuit-breaker. 
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Fig. 3.-Typical 33 kV 1000 MVA interrupter. 


Fig. 2.—Air-insulated 11kV 250MVA metalclad unit with vertical drop-down 
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Fig. 4.—Typical cross-blast interrupter arranged as part of moving component of circuit-breaker. 


Although both metalclad units and this new form of open 
construction are available for service at 66kV, the open type 
has made the cost and development of modern 132kV metal- 
clad equipments uneconomical, and no such designs are now 
available. 


; 6.2.1) Indoor Oil Circuit-Breakers. 

The plain-break oil circuit-breaker has become virtually 
‘Obsolete, except at the lowest ratings, such as 25MVA at 
440 volts, or 75 MVA at 3-11 kV, where the simplicity of con- 
struction and the relatively easy duty warrant its retention. 

The extensive and continued use of oil circuit-breakers in 
Great Britain is based principally on the consistency and safety 
obtainable with arc-control devices; these are now in general 
‘use at 6-6kV and 150MVA and at all higher voltages and 
‘breaking capacities; before the war their use commenced at 
about 350MVA. The number of breaks employed is deter- 
‘mined more by economic and layout considerations in the 
‘design than by the relative merits of single- or double-break 
interruption within the ratings usually required for indoor 
‘service. Typical double- and single-break arrangements for 
-11kV duty are shown in Figs. 1 and 2. Circuit-breakers of this 
general class now afford total-break-time performances of the 
order of 3-5 cycles, as compared with 5-10 cycles prevailing 
‘prior to 1939. This improvement has been brought about by a 
number of factors, such as the more general use of butt contacts, 
by the more extensive use of arc-control devices, by detailed 
‘improvements in these, and by the design of new high-speed 
telease mechanisms appropriate to the performance provided 
by the arc-control and contact systems with which they are 
associated. 

Arc-control devices are all of the cross-blast, as opposed. to 
‘the axial-blast, type, varying in the extent to which materials 
‘such as fibre, pressboard, mouldings and impregnated wood are 
‘subject to arcing, and varying also in the degree of venting. 
Both “high pressure” and “low pressure” designs are in pro- 
duction. Fig. 3 is a typical design for 33 kV service. 

A recent variation is to reverse the normal procedure and 
Mount the interrupter assembly on the moving component of 


the circuit-breaker. Fig. 4 is representative of this class of 
construction, and enables the two arcs in a single interrupter 
device to interact on each other and assist in the reduction of the 
duration and length of the arc. 


(3.2.2) Indoor Air-Break Circuit-Breakers. 


The air-break circuit-breaker has made extensive progress 
both in design and in extent of use in the period under review. 
Introduced before the war at 440 volts, such designs for ratings 
of the order of 25 MVA have become the basic standard of a 
number of manufacturers. The air-break circuit-breaker at this 
voltage employs either asbestos-base or ceramic arc chutes; at 
heavy currents it limits arc duration to the order of one half- 
cycle, and therefore requires the minimum of contact maintenance. 
Development in this field has been concentrated on simplification 
and space reduction; the absence of oil permits the mounting 
of several units above one another in a single compartment. 

Since 1945, 3-3kV 150MVA air-break circuit-breakers have 
come into extensive use, primarily for power-station auxiliaries, 
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and 3:3kV 250 MVA gear is now available. This type of circuit- 
breaker employs asbestos-base or ceramic arc chutes and operates 
by increasing the arc resistance within the chute by extending 
the length of arc, and by cooling with the aid of metal fins or 
similar devices. The introduction of resistance by means of the 
arc itself modifies the power factor of the circuit, and reduces 
the voltage severity in terms of instantaneous restriking-voltage 
rate and peak, thereby reducing the dielectric duty at final 
interruption. One of the major problems arising is therefore 
the disposal of the considerable energy released during the 
power-factor correction period; this energy is dissipated by hot 
ionized gases, which, if not properly controlled, can lead to 
flashover within the metalclad enclosure. Design attention has 
been concentrated on the reduction of this energy release by 
reduction of arc duration, and on effective disposal measures 
for these gases. 

An arc chute of interest (see Fig. 5) has been developed by the 
E.R.A. for voltages of 6:6 and 11kV. It has a multi-cellular 
arrangement of the arc-chute components; and the conductors 


Fig. 9.—Vertical drop-down 33kV 1000MVA metalclad unit with 
hydraulic lift and transfer gear and integral earthing. 
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are so disposed as to assist in forcing the arc up each separate ' 
component of the chute. | 


4 


(3.2.3) Metalclad Enclosures. 
Although both horizontal and vertical isolation are employed | 
in metalclad equipments, the general trend is towards horizontal 
isolation for air-insulated gear and vertical isolation for oil! 
circuit-breakers. At 440 volts, air-break gear is usually arranged | 
in multi-tier form, but at higher voltages, single-tier construction 
is usual on account of dimensional requirements. | 
Air-break designs lend themselves to simple methods of bus- 
bar selection and earthing, the trend being towards built-in: 
selection and earthing systems, as opposed to removable plugss 
and separate portable earthing devices. Fig. 7 shows a design 
of 3:3kV air-break unit arranged to give integral earthing andi 
busbar selection by sliding plug contacts horizontally in and out) 
to effect the desired changes of connections; this is done by 
means of a mechanism operated from the front of the unit. In 
the design shown in Fig. 6, the bushings are rocked to one efi 
three alternative positions, two of which give busbar selectiony 
and the third earthing. 
With oil circuit-breakers, the class of construction described: 
above is not practicable, and with vertical drop-down units) 
transfer busbar change-over has become virtually standard, they 
circuit-breaker being isolated by vertical movement and moved” 
from one busbar to another by horizontal traversing. These 
units, at the lower voltages, are truck-mounted with manu: 
lifting gear. Fig. 1 is typical of 11kV 500 MVA vertical drop» 
down construction, in which a flush-fronted appearance is 
obtained by means of doors giving access to instrument anc 
circuit-breaker compartments. Fig. 2 is typical of designs 
which direct access is afforded to the circuit-breaker truck, wit! 
the mechanism visible on the front panel. 
Figs. 8 and 9 are typical of 33kV 1000MVA drop-dov 
designs. At these voltages, lifting is usually done by electroy 
mechanical means. The circuit-breaker of Fig. 9 is electroq 
hydraulically operated for both vertical isolation and horizontag 
transfer movement. This design also provides built-in earthing| 
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through the circuit-breaker by additional transfer positions, so 
arranged that the circuit-breaker can be lifted to positions which 
connect either busbar or feeder to earth. 
An exception to the oil-immersed vertical-drop-down class is 
‘the fixed circuit-breaker equipment (see Fig. 10), in which 
_ isolation, earthing and busbar selection are carried out by oil- 
immersed isolators. This design was available before the war 
at 66kV, but it has now been extended downwards for 33kV 
_ power-station and substation service. This arrangement permits 
all insulation to be arranged permanently under oil and facilitates 
the mounting of busbars in separate fireproof compartments. 
_ Metalclad boards have been developed for heavy-current duty; 
an 11kV 4000amp metalclad circuit-breaker for 1000 MVA is 
1 _ shown in Fig. 11. A design feature is the use of multiple plugs 
in parallel for isolation and multiple connectors for busbar 
joints. 

All metalclad types are fully interlocked. The trend in design 
is towards a positive mechanism arranged so as to prevent the 
Carrying out of an incorrect operation. Such an interlock is 
_ preferable to the type, common in the past, in which the circuit- 
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Fig. 11.—11kV 4000amp 1000MVA oil circuit-breaker for use with vertical drop-down metalclad gear. 


breaker is tripped if an incorrect operation is attempted, and in 
which there is a risk of the interlock failing if the circuit-breaker 
contacts have been welded in the closed position. 

Busbar insulation is usually by air, compound or oil, but at 
33kV, condenser-bushing bars have increased in use, and these 
are shown in Figs. 8 and 10. Both phase-segregated and non- 
phase-segregated types are available, but the differences are 
becoming smaller, and the same basic equipments can now often 
be built up in either form. 

In all designs, more especially at the higher voltages, con- 
siderable reductions in size of metalclad structure have been 
obtained, in association with the reduction already referred to in 
circuit-breaker dimensions. Fig. 12 shows a comparison of the 
space required by a typical modern 33kV 1000 MVA metalclad 
unit, with that needed by a 33kV design in 1932 for the same 
rating (787 ft? compared with 3 564 ft3). 

Further development is more likely to increase the MVA 
rating obtainable from a given dimension than to reduce the 
minimum volume needed for a given voltage. Other trends in 
metalclad design include increased interchangeability of circuit- 
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Fig. 12.—Comparison of space requirements for 1000MVA 33kV 
Seem equipment in 1932 and 1955 (3564 ft3 compared with 
t3). 


breakers of different current ratings within the same fixed 
structure by standardizing the plugging components. Inde- 
pendent operation of busbar and feeder spout shutters has also 
been introduced in order to facilitate cable and busbar testing. 
In all types, there has been a trend towards increased protection 
from dust, and towards improved appearance by using flush- 
mounting instruments and relays, or by enclosure of components. 


(3.2.4) High-Voltage Indoor Construction with Open-Type Equipment. 


Several high-voltage substations have recently been constructed 
employing outdoor open-type equipment arranged inside a 
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Fig. 13.—132kV indoor station equipped with low-oil circuit-breakers and swinging-bushing isolators. 
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building. These have been designed to give normal outdoort 
section clearances required for safety, but the volume of building; 
has been reduced by the use of screens, or walls with through-| 
wall bushings. | 
Fig. 13 is typical of such indoor high-voltage cubicle con-- 
struction employing low-oil or air-blast circuit-breakers, but 1 
which safety clearances and building can be reduced to a mini-} 
mum by the use of swinging-bushing isolators and subdivisionr 
of the building into compartments. The station shown is of 
the double-busbar type, one set of busbars being accommodated 
in a central ground-floor chamber, and the other in a similar) 
chamber above. From the circuit-breaker chambers, which arey 
arranged back-to-back, cabling isolators (or bare connections om 
generator circuits) communicate with cable chambers on the 
ground floor, where cable sealing ends and voltage transformers 
also are accommodated. i 
A feature of this class of design is that it affords complete 
segregation of equipment, thus permitting safe maintenance and 
localizing damage in case of breakdown. The design is made 
possible by the use of a special isolator, in which a swive : 
bushing passes through the wall or floor so that the aperture ish 
sealed in any position of the isolator. In the open position, the 
bushing engages an earthed clip. | 


(4) OUTDOOR CIRCUIT-BREAKERS 


(4.1) Foreign Practice 


On the continent of Europe, the dead-tank oil circuit-breakea 
is in limited production at the lower voltages, but is virtually) 
obsolete above 33kV. Practice is divided between low-oi) 
and air-blast designs at all voltages up to 380kV. 

All the low-oil circuit-breakers are now constructed withos 
the automatic sequence switches at one time thought necessaz 
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: for dielectric security in the open position, and the majority of 
, such designs are arranged with one vertical break in a tubular 
; assembly, or with two such units arranged electrically in series 
for the higher voltages, reliance being placed on capacitance 
7 voltage division between the two units. Single breaks per pole 
| are virtually standard up to 110kV and, in some cases, even 
i 220kV, making Possible twin-break constructions for 380kV. 
te An exception is a design in which two interrupting components 
are mounted on a single column, one interrupter being solidly 
. shunted by a low non-reactive linear resistance, and the second 
» performing the final interruption and isolation function. This 
1 unit is rated up to 220kV, two such assemblies being employed 
_ back-to-back for higher voltages. 
In the design of air-blast circuit-breakers, there is a tendency 
to avoid forms of construction in which the interrupters are 
“mounted one above the other; the general trend now is to 
} mount the interrupting units in a horizontal array, thus making 
possible a symmetrical layout of the air supply ‘to each unit. 
The rated voltage per unit in modern designs varies between 
- 30 and 55kV per break, as compared with an earlier maximum 
I of 110kV. Voltage distribution across multi-break designs is 
hs normally controlled by capacitance or high resistance of linear 
i 
{ 
. 


or non-linear form, or by both in parallel. 

While a standard form of interrupter arrangement is emerging, 
widely different means are employed for isolation. In one 
design, the interrupting nozzles are held open under continuous 
‘air pressure, thus dispensing with any form of external isolation. 

Another design uses a multi-break isolating unit in series with 
the interrupting units, the isolation unit being enclosed and 
' subjected to moderate air-blast during interruption. A third 
' type employs a moving contact with part of its travel in open 
| air, serving a dual function of isolation and interruption. A 
fourth class of construction uses a separate open air-break 
' isolating switch. Yet a further design is being developed in 
_ which the interrupting elements are suspended from the sub- 
station structure; and remotely-mounted circuit-isolating switches, 
‘required for maintenance, are used with automatic sequence 
control as components of the circuit-breaker, thus rendering 
_ unnecessary any built-in isolation in the circuit-breaker itself. 
These low-oil and air-blast designs are available for short- 
- circuit ratings of the order of 10000-15000 amp and MVA levels 
_ of the order of 5000-8 000 MVA (symmetrical). 
__ In America, air-blast circuit-breakers, principally of European 
_ Origin, have been applied in a number of networks, more 
_ especially in Canada; circuit-breakers designed in America are 
mostly of the dead-tank oil circuit-breaker class. These dead- 
ss circuit-breakers have been developed to provide 3-cycle 
‘performance and breaking capacities up to 40000 amp total 
—" they use compressed-air closing mechanisms in the 
majority of designs, but, in some cases, stored hydraulic energy 
is utilized. The interrupters of all types have a common 
_ denominator in cross-blast action, and this is aided, with 
- difference i in degree, by limited force-blast oil flow provided by 
"stored spring energy; this aid is needed more especially for the 
interruption of capacitive currents. Some form of high pure- 
‘resistive voltage grading is usually employed at the higher 
Be eltazes; earlier low-value linear-resistance designs appear to 
be superseded by these new developments. 
r American low-oil circuit-breakers are represented by a multi- 
‘break horizontal arrangement using forced oil blast for inter- 
tuption and capacitance grading across the multi-breaks. One 
Canadian 132kV air-blast circuit-breaker is of the dead-tank 
type, with the interrupters enclosed within the high-pressure air 
_ Teceiver. Conventional bushings are used for bushing current 
transformers, and compressed air is the dielectric for insulation 
_ to earth and isolation. 
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(4.2) British Practice 


Development in the outdoor circuit-breaker field is, perhaps, 
more marked than in any other, for the performance required 
from these circuit-breakers has increased at an unprecedented 
rate, more especially as regards fault power to be controlled. 
Whereas in Britain, in 1939, a 1500 MVA rating was standard 
at 132kV and the maximum rating was 2000 MVA, the present 
requirements are for 3500 MVA at 132kV and 7500MVA at 
275kV, based on symmetrical current. Higher ratings will be 
required in England in the not-too-distant future, and British 
designs are already available for r.m.s. total interrupting currents 
of 40000amp up to 300kV service rating. In the same period 
the general level of total break time has been halved. 

No uniform trend is apparent in British practice, as dead-tank, 
low-oil and air-blast units are built throughout almost the whole 
voltage and MVA range. 

Features of design which have received especial attention in 
British development are the ability to prove short-circuit ratings 
and effective over-voltage control. The pressure for more 
exhaustive proof of ratings has led, not only to the construction 
of larger short-circuit test plants, but also to multi-break designs 
which, as one feature of their conception, permit of full-scale 
testing of component interrupters with the appropriate current 
and voltage corresponding to maximum service duty. The 
attention devoted to over-voltage control and voltage distribution 
has led to the increased use of resistance or capacitance shunting, 
and to extensive testing with a view to eliminating excessive 
voltages produced by current chopping. 

A further aspect of design, which has led to differences in 
construction between British and foreign circuit-breakers, is 
the consideration given to rate of rise of restriking voltage. 
The solid nature of the British Grid networks has shown the 
possibility of restriking rates much higher than those envisaged. 
in Continental specifications, and the rates for which British 
circuit-breakers have been designed are, in many cases, 
correspondingly high. 

Fig. 14, curve (a), shows the general trend of r.r.r.v. proposed 
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Fig. 14.—Rates of rise of restriking voltage for 220/275 kV systems. 


(a) Proposed Govern al values for 220kV [Juillard, E., and Kukth: C.I.G.R.E, 
(Paris), 1950, Paper No. 147]. 

(b) Caiculated values for British 275kV Grid system [Gosland, L., and Vosper, 
J. S.: C.I.G.R.E. (Paris), 1954, Paper No. 135]. 

(c) Specified values for circuit-breakers for British 275kV Grid system. 


on the Continent for 220kV; curve (6) shows the envelope of 
extreme values of r.r.r.v. calculated for the British 275kV net- 
work; curve (c) shows the r.r.r.v. for which British 275kV 
7500 MVA circuit-breakers have been designed. The following 
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Fig. 15.—Single-tank 33kV 1000 MVA outdoor circuit-breaker arranged for shipment fully assembled. 


Fig. 16.—Three-tank 66kV 1500 MVA outdoor circuit-breaker arranged for shipment fully assembled. 
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r.r.r.v.’s at the given percentages of rated breaking capacity 


_ have been proposed as a British standard for 220/275kV: 
| 7kV/microsec at 30%; 2-5kV/microsec at 60%; 1-5kV/microsec 


at 100%. 


(4.2.1) Dead-Tank Oil Circuit-Breakers. 
At 33 and 66kV, dead-tank oil circuit-breakers are usually of 


_ conventional double-break construction, although some single- 
break units are available. 


The trend of design is towards a 
single-tank circuit-breaker for ratings up to 1000 MVA, with 
three-tank circuit-breakers above this level, but at both voltages 


- some designs are available with three-tank construction through- 


out the MVA range. 
Design improvements have resulted in an increased MVA 


_fating per ton of circuit-breaker, with shorter total break times, 


which are now of the general order of 4-5 cycles, or half the 


pre-war level. These improvements have resulted also in a 
reduction of the work required on site during erection, and in 


modifications permitting shipment in one piece with all adjust- 


ments factory made. Fig. 15 is typical of the general arrange- 


ment of a single-tank 33 kV oil circuit-breaker with a 1000 MVA 
Similar arrange- 


tating and designed for one-piece shipment. 
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Fig. 17.—Hydraulic circuit-breaker closing 
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ments are in general use at 66kV, but at this voltage the air 
clearances necessary for the bushings may make bushing removal 
necessary for shipment. Fig. 16 shows a typical 66kV 
750/1500 MVA circuit-breaker in which one-piece shipment is 
possible, owing to the reduction in overall width associated 
with three-tank construction. 

The closing mechanisms used with these and other higher- 
voltage oil circuit-breakers are normally of solenoid, stored- 
energy-spring or compressed-air type. Compressed-air closers 
are usually recharged by centralized compressor plants arranged 
to operate all circuit-breakers in a station; they have either 
mechanical trip-free linkages, or alternatively solid linkage with 
automatic dumping of the closing compressed air on completion 
of a closing duty. The former offers trip-free operation through- 
out the closing stroke, and requires resetting of the linkage for 
high-speed reclosing duty; the latter arrangement is free to trip 
when closed, and enables the piston to be coupled directly to the 
circuit-breaker coupling rods. 

Fig. 17 shows schematically a stored-energy type of closing 
mechanism in which the storage medium is gas compressed to 
4000 1b/in2, thus permitting the power for a number of closing 
operations to be made available from a relatively small storage 
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Fig. 18.—Single pole of three-tank oil circuit-breaker for 132 kV 3500 MVA, with linear-resistance shunting. 
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Fig. 19 —Single-tank 132kV 2500 MVA oil circuit-breaker, with linear-resistance shunting. 


The compressed gas drives the circuit-breaker- 
mechanism closing piston through the medium of an oil trans- 
mission system, the oil being separated from the gas by a seal, 
in the form of a floating piston within the storage accumulator. 
To close the circuit-breaker, a small valve is opened permitting 


flow of high-pressure oil. The accumulator is kept charged to 
working pressure by a small motor-driven pump and automatic 


§ pressure switch; the gas is permanently sealed and does not need 
_ replacement. 


The MVA ratings available at the higher voltages have 


~ increased continuously and now include 2500 MVA at 66kV, 


and 3500 MVA or 5000MVA at 132kV, based on symmetrical 


current, with asymmetrical current ratings 25% higher. The 


- higher-breaking-capacity designs are generally of 3-cycle total- 


break-time performance; the necessary high acceleration of 


“moving contacts has been achieved by weight reduction, by 
- powerful mechanisms, and in some cases by the use of torsion- 
_ bar springs. 


Dead-tank oil circuit-breakers for 110-132kV service are, 


principally, of double-break 3-tank construction for 2500- 
3500MVA (see Fig. 18), but one single-tank design for 
2500MVA at 132kV is shown in Fig. 19. Linear-resistance 
shunts (see Figs. 18 and 19) are used in a number of designs to 
ensure good voltage grading. These are of the order of 
3000 ohms per pole and reduce the restriking voltage rate and 
peak, thereby reducing the restriking-voltage duty on the inter- 
rupters. At high natural frequencies, this damping can halve 
the transient voltage duty. These shunts also serve to discharge 
partially the energy trapped on long open-ended transmission 
lines when disconnected on no-load; they thus reduce the 
voltage build-up across the circuit-breaker during the first half- 
cycle of interruption, and therefore the amplitude of any 
restrike voltage that may occur should the arc gap break down 
in this period. The design is such that the resistive currents are 
themselves interrupted by a plain-break action later in the 
circuit-breaker stroke. The resistive current persists for about 
one or two cycles beyond main arc extinction, but it is too small 
to affect network stability. 
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An alternative approach, used in one design, is to employ, 
two interrupters per pole, each containing four breaks (see 
Fig. 20), leading to a very rapid arc extension. In _ thig 
design, 3-cycle performance and restrike-free capacitive-curreni 
interruption are retained with relatively low contact speeds 
non-linear high-resistance shunts in which I = kV4-5 (approxiij 
mately) are used for voltage-grading purposes. These shunt: 
serve also the additional duty of damping any over-voltages 
produced by the circuit-breaker when disconnecting sma 
inductive circuits, and can limit these to the order of twice tha 
phase-to-neutral peak voltage. | 

A dead-tank design for 7500 MVA at 275kV is shown ii 
Fig. 21; designs for ratings up to 15000 MVA and up to 275k¥ 


Fig. 21.—275kV 7500MVA “‘watchcase”-tank oil circuit-break| 
with four breaks per pole and linear-resistance shunting. 


Inset: schematic showing circuit connections. 


are generally similar. This circuit-breaker, extending t 
principles used at 132k¥V, employs four breaks in series per po’ 
with linear-resistance shunts and gives a total break time 
0-06sec. In order to economize oil, the tank has been fo 
in “‘watchcase” shape, giving a reduction in oil volume of t! 
order of 33% as compared with conventional constructic 
Special means have been built into the circuit-breaker to aid 
rapid maintenance work, such as provision of oil pump, built. 
air fan for gas removal, and built-in internal floodlighting. ; 
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Fig. 22.—33kV 750 MVA low-oil circuit-breaker with ceramic contact drive. 


(4.2.2) Live-Tank Low-Oil Circuit-Breakers. 
British designs of this type now dispense, as do Continental 


 circuit-breakers, with the external series isolator formerly used, 
-and interrupter assemblies are now, therefore, mounted vertically, 


or inclined, avoiding the risk of deposition of carbon possible 
with horizontal arrangements. The majority of these circuit- 


‘breakers use internal contact drives, which are oil immersed, 


and the dielectric security of the lower compartments is secured 


by segregation of the oil in the interrupting and supporting 
units. One 33kV design (see Fig. 22), however, uses a ceramic 


drive, and employs the current transformer as a supporting 
_ element. 


The use of non-ceramic oil-immersed contact drives 
on the higher-voltage designs (see Figs. 23-24) has permitted 


~ high contact speeds and enables total break times of the order 


of 3-44 cycles to be achieved at voltages of 66-220 kV. 
Low-oil circuit-breakers are built with single breaks up to 


 132kV (see Fig. 23), and with two units in series with capacitive 


voltage division for 220 kV (see Fig. 24). The grading capacitance 


dividers are built into the pressure tubes of the interrupting 


elements. Closing mechanisms are either compressed air or 
motor-wound spring. The use of high-speed contacts and 
efficient cross-blast interrupters has made possible ratings of 
3500MVA at 132kV and 5000MVA at 220kV, to British 


Standards. With these designs, over-voltage, when disconnecting 


small reactive circuits, is controlled by suitably proportioning 
the interrupter components, and by using contact speeds so 
co-ordinated that the contact gap itself provides a natural safety 


gap. 


(4.2.3) Outdoor Air-Blast Circuit-Breakers. 

Outdoor air-blast circuit-breakers are in production for 
service at from 66kV to 275/300kV, and for all breaking duties 
so far required, ie. to short-circuit currents of the order of 
40000 amp. 

The general trend of design is towards multiple-break circuit- 
breakers with interrupting contacts held open only during the 
period of air blast. An automatic external sequential switch is 
used to provide isolation in open air after the contacts have 
reclosed. Two general arrangements of interrupter positioning 
are in use; in one the interrupters are mounted in a vertical 
column with, in most cases, a common air supply to the assembly 
(see Figs. 26, 27 and 28); one vertical design is arranged with 
independent air pipes to each interrupter. In the other arrange- 
ment the interrupters are disposed horizontally with sym- 
metrical air-supply paths from the valve gear to each interrupter 
(see Figs. 25, 29 and 30); the air-flow paths are parallel and 
equal in length. 

Interrupter design is, in general, of the single-flow axial-blast 


256 FLURSCHEIM: SWITCHGEAR 


VENT- VALVE ae 


be 
NS a’ : als ie 
V7 Td hhehghmmmae anmmennen—— thecal 


TOP 
CHAMBER BREATHER 
10) i OIL LEVEL 
NZ 
kts INDICATORS 
TERMINAL at 
TURBULATOR 
TRAVEL 
OF 
MOVING - 
CONTACT 
MOVING- IP 
CONTACT A > ciRCUIT- 
ASSEMBLY Hs BREAKING 
LaF COMPARTMENT 
TERMINAL i TERMINAL 
—_SS Sy 
mein CENTRE 
DRAIN - VALVE CHAMBER 
SUPPORTING 
COMPARTMENT 
INSULATED 
OPERATING- 
LINKS 


ARCING- RING. 


\ 


SSS 


BASE- CHAMBER 


OPERATING- LEVER 


} 
N 
‘ 
NI 
Ni 
N 
hy 
NI 
N 
SS 
LJ 
aa 
H 
ml 
4 
; 
4 
in) 
; 
a 
H 
H 
os Hy 
c 
“HI 
ie 
i) 
se 
5 


DRAIN-VALVE __ 


Fig. 23.—132kV 2500 MVA low-oil circuit-breaker with internal contact drive. 
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Fig. 24.—220kV 5000 MVA low-oil circuit-breaker. 


type in which air is discharged in one direction through one 
“Opening for each break (see Figs. 28, 29 and 30). A double-flow 
‘double-exhaust design is used in one type. 
_ Valve gear is usually mounted at earth potential on the air 
receivers. An exception (see Fig. 26) has both air receiver and 
valve gear mounted on the live component of the circuit-breaker, 
thus reducing the distance between valve gear and nozzle. In 
‘this case, remote operation of the blast valves is arranged from 
the chassis by means of ceramic compressed-air control pipes. 

Sequence-switch construction has not been stabilized in any 
particular mechanical form, designs being available with rotation 
in either the vertical or horizontal plane. The motors for the 
sequence switches are arranged in some cases (see Fig. 28) at 
liye potential with remote control, and in other cases (see 
Figs. 26, 27, 29 and 30) with the motor at earth potential driving 
the isolator through a porcelain column. 

_ These air-blast circuit-breakers have a very short arc duration, 
of the order of 0-01-0-02sec, and their mechanical trip times 
from receipt of trip impulse to contact separation are of the 
order of 0-03-0-05sec, affording total break times of 0-05- 
0:07sec. The high r.r.r.v. levels for which British air-blast 
Circuit-breakers have been designed have already been referred 
to. As a consequence, these designs possess a high factor of 
safety in terms of the network performance required from 
them. 

The general practice is to employ one interrupter for between 
33 and 66kV of the rated voltage, the tendency being towards 
50kV per break for short-circuit currents of 15000amp and 
of the order of 30kV at 40000 amp, as in Fig. 29. 


Voltage division between breaks of multi-break designs is 
controlled by either non-linear resistance shunts as in Figs. 28 
and 29, by linear resistance (Fig. 26) or by capacitance built 
into the interrupter assembly (Figs. 27, 30). 

Facilities are provided for high-speed automatic reclosure 
duty, and two methods are employed. In the first the circuit- 
breaker and sequence switch are opened and closed sufficiently 
rapidly to ensure the required dead time of the order of 0:2 
or 0:3sec between de-energizing and re-energizing of the line. 
With this arrangement, powerful sequence-switch motors are 
necessary. In the second method, the interrupting nozzles 
alone are operated and the sequence-switch is left closed, which 
requires that the blast be maintained during the entire dead 
period in order to prevent nozzle reclosure. In this case, large 
air receivers are required to take care of the increased air con- 
sumption, and different tripping means are provided to select 
between a reclosing trip duty and a normal trip duty. 

Over-voltage prevention during switching operations, as in 
the case of oil circuit-breakers, is provided in either of two 
ways. In one design (see Fig. 30), limitation of over-voltage 
due to current chopping is restricted by dielectric breakdown of 
the nozzles and appropriate control of dielectric characteristics. 
In other types (Figs. 28 and 29), the non-linear resistance elements 
used for voltage grading also serve to damp any over-voltages 
that may be produced from this source. 

The use of relatively low voltage ratings per break, and of 
interrupters with short contact travel and high rate of build-up 
of dielectric strength, ensures that these circuit-breakers are 
virtually restrike-free when disconnecting long open-ended lines; 
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Fig. 25.—66kV 2500 MVA air-blast circuit-breaker for indoor 
cubicle or outdoor “‘blockhouse”’ mounting. 


Fig. 26.—132kV 2500MVA air-blast circuit- 
breaker arranged with live air receivers, 
linear-resistance shunting and sequence- 
switch motor in chassis. 
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Fig. 27.—132kvV air-blast circuit-breaker with interrupters mounted vertically, with capacitance voltage grading and 
sequence-switch motor and air receiver at earth potential. 


these designs are therefore free from over-voltage risks arising 
from capacitance switching duty. 
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Fig. 28.—275kV 7500 MVA air-blast circuit-breaker with six breaks, arranged vertically, with non-linear-resistance 
grading and live motor for sequence-switch drive. 
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Fig. 30.—275kV 7500 MVA air-blast circuit-breaker with six breaks arranged horizontally, with capacitance voltage grading and 
sequence-switch motor mounted in chassis. 


(32) ALRAN, L.: “The Evolution Envisaged by the Electricité de 
France in the Manufacture of Very High Voltage Circuit- 
Breakers to Secure Simplification in this Apparatus and a 
Reduction in Installation and Operating Costs,” C.I.G.R.E., 
(Paris), 1952, Paper No. 136. 

(33) SCHRAMECK, J. E.: “A New 14:4-kV Indoor Compressed Air 
Circuit-Breaker,”’ Power Apparatus and Systems, August, 1952, 


p. 719. 

(34) Harpinc, P.H.: ‘“‘An Indoor 132-kV. Switchgear Installation,” 
B.T.H. Activities, September/October, 1952, p. 146. 

(35) “‘Circuit-Breaker Developments. A Pneumo-Hydraulic Stored 
Energy System of Operation,” Electrical Times, 20th November, 
1952, p. 931. 

(36) SHores, R. B., and OLsen, E. J.: “Improved Outdoor Oil 
Circuit-Breakers for Medium Voltages,” Power Apparatus 
and Systems, February, 1953, p. 74. j 

(37) Younc, A. F. B.: “Some Researches on Current Chopping in 
High-Voltage Circuit-Breakers,’’ Proceedings I.E.E., Paper 
No. 1416S, December, 1952 (100, Part II, p. 337). 

(38) Linpstrom, I.: “High Voltage Circuit-Breakers for the Har- 
spranget Power Transmission,” ASEA Journal, July/August, 
1953, p. 106. 

(39) FLurscHeiM, C. H.: “High Voltage Air-blast Circuit-Breakers,” 
Engineering Journal (Canada), December, 1953. 

(40) BEALL, B. S., and Stewart, V. N.: “New Line of Low Voltage 
Air Circuit-Breakers,”” Power Apparatus and Systems, December, 
1953, p. 1207. 

(41) Perry, E.R.: “A New Hydraulic Mechanism for Power Circuit- 
Breakers,”’ ibid., April, 1954, p. 328. 

(42) Leeps, W. M., and EasLey, G. J.: ‘““A New Milestone in Circuit- 
Breaker Interrupting Capacity—25000000-kVA at 330-kV,” 
ibid., p. 304. 


WN 
aa a 
a Ee 


(43) GosLAND, L., and Vosprer, J. S.: “Present and Prospec 
Restriking Voltage Conditions on the British 132-kV < 
275-kV Networks,” C.I.G.R.E. (Paris), 1954, Paper No. 135 

(44) FINNERAN, D. L., ALLEN, R. D., LINDE, L. J., and KitGour, A... 
““138-kV Line-Dropping Field Tests,” ibid., August, 19 
p. 809. | 

(45) Curistig, J., LEYBURN, H., and FENN, R. W.: “A New Testi” 
Station for High-Power Circuit-Breakers,” Proceedings I.E. 
Paper No. 1736S, December, 1954 (102 A, p. 709). 

(46) Curistiz, J., LEyBurN, H., and Birp, J. F.: ‘Proving the Hj 
formance of Circuit-Breakers, with Particular Reference 
those of Large Breaking Capacity,” ibid., Paper No. 1707 
August, 1954 (102 A, p. 697). 

(47) Person, -G. F., POLLARD, A. H., and Care, N.: ‘“‘Automa 
Circuit Reclosers,” ibid., Paper No. 1717S, December, 14) 
(102 A, p. 749). 

(48) “Oil Circuit-Breakers for Alternating-Current Systems,” B.S.1} 
1952 ; 


(49) “Oil Circuit-Breakers for Alternating-Current Systems up 
and Including 660 Volts,” B.S.936 : 1940. 

(50) “Interpretation of Standard Rules Governing the Short-Cird 
Testing and Certification of Oil Circuit-Breakers,” A.S. 
Publication No. 5. 

(51) “Rules Governing the Short-Circuit Testing of Circuit-Break 
which are not included, or have features not provided fop 
British Standard Specifications,” A.S.T.A. Publication No. . 

(52) “Interim Rules for the Evaluation of Restriking-Voltage Severiti 
A.S.T.A. Publication No. 13. 

(53) “Rules for the Unit Testing of Circuit-Breakers for Makit 
Capacity and Breaking-Capacity,” A.S.T.A. Publication No.) 

(54) “Rules Governing the Short-Circuit Testing of Air-break Circ 
Breakers for Alternating Current Systems,” A.S.T.A. P 
cation No. 16. 


a ie 


. 
. 
& 


(621.317.782.2 


Paper No. 1927 M 
Nov. 1955 


A NEW METER FOR THE KILOVOLT-AMPERE-DEMAND CHARGE 


SUMMARY 


_ The paper states that the introduction of an electricity tariff based 
‘im part upon a maximum apparent-power demand (VA m.d.), creates 
the need for a meter to measure apparent energy in a manner fair and 
just to all concerned. It gives two definitions for 3-phase apparent 
power and selects one as the more suitable basis for assessment of a 
maximum-demand charge. 

A brief description is given of a Merz demand mechanism, which 
registers maximum demand (m.d.) from integrations made over definite 
time intervals. Reference is made to the difficulties of integrating 
3-phase apparent energy (VAh) and these difficulties are held to be 
primarily responsible for the introduction of alternative methods of 
m.d. charging. Some of the alternative methods are briefly compared 
‘with that of the maximum-apparent-power-demand charge, collo- 
: quially known as the kVA charge, in order to explain why so many 
attempts have been made to produce a true 3-phase apparent-energy 
“meter. The paper recognizes that some very ingenious meters have 
already been designed but suggests that none is entirely satisfactory 
for industrial applications. It shows how recent developments have 

made possible the introduction of a new type of apparent-energy 
meter based on an entirely new principle. 

A description is given of a new type of volt-ampere indicating 
instrument, and this provides an introduction to a treatise on the new 
apparent-energy meter, whose main components are a dry plate recti- 
fier, a transductor and an induction-type integrating meter. 

A bibliography is included to indicate the background of knowledge 
_and opinions which influenced the development of the meter. 

Appendices deal with the interpretations of 3-phase volt-amperes, 
the voltage representation of a 3-phase system, and—with the aid of 
oscillographs—describe the operation of the meter components. 


, (1) INTRODUCTION 

The rate at which the consumption of electricity is increasing 

imposes severe burdens on distribution networks, and frequently 

equipment has to be duplicated to prevent overloading. Improved 
efficiency may often be sufficient to prevent this overloading, 
and consumers are being encouraged, by the more general 
application of m.d. charges, to reduce their peak loads. Also, 
since loads at low values of power factor impose greater burdens 

on supply systems, an m.d. charge which increases when power 
factor is low assists in reducing these peak-load burdens. 

-Of the many forms in which m.d. charges have been applied, 
_the “kVA charge” seems to be the fairest, and the considerable 
‘increase in the number of apparent-power m.d. meters installed 

tends to confirm this view. This trend has encouraged meter 
engineers to renew their efforts to design true meters of that type. 


(2) 3-PHASE APPARENT-POWER MAXIMUM DEMAND 
Before attempting to measure any quantity a clear definition 
of the quantity must be established. Some definitions depend 
upon the purpose for which the measurement is being made; 
for example, the weight of a material purchased may be expressed 
as its weight when purchased, or prior to evaporation, and 
may or may not include packing. In all cases the purchase price 
includes transport which would normally be based upon packed 
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weight and dimensions. Electricity is no exception; most large 
consumers who are charged according to the total energy supplied 
also pay a periodic bill which is based on the heaviest load 
delivered. Although some tariff designers still prefer to have 
this load measured in terms of total power (kilowatts), there seems 
to be a general tendency towards the adoption of total apparent 
power (kilovolt-amperes) as the basis for the charge. The reasons 
for this may be that consumers are thereby encouraged to take 
their loads at high values of power factor, or that expenses asso- 
ciated with distribution systems, which are a function of the volt- 
ampere rating of the system, are increasing in relation to the 
expenses associated with generation. It seems, therefore, that 
the assessment of m.d. charges on the basis of apparent power 
has come to stay and that meters must be provided for the 
purpose. 

Since electrical equipment will withstand overloads of short 
duration it is reasonable to assume that the expression maximum 
volt-amperes should signify, not an instantaneous value, but an 
average measurement over a definite time interval. 

A consumer’s apparent-power maximum-demand charge is 
introduced to recover expenses associated with the total volt- 
ampere capacity of the supply system required to carry the load. 
A supply system generally comprises three phases, and the total 
energy consumed is the arithmetical sum of the energy taken 
from all phases. Likewise, the total apparent energy is the 
arithmetical sum of the volt-amperes taken from all phases. 

Meters which do not comply with this principle may not be 
strictly accurate when measuring the apparent power transmitted 
through a system, particularly when heavy single-phase loads 
cause a 3-phase 3-wire system to be unbalanced. There are, 
for example, several types of meter in which phase-angle relation- 
ships between voltage and current are employed, on the basis 
that any lagging reactive energy in one phase is provided by 
leading reactive energy in other phases, and only the difference 
between them is measured. Maximum-demand charges based 
on such meters are fair to all consumers only when each load is 
reasonably balanced and when the value of power factor remains 
reasonably constant during the period of maximum demand. 

There are therefore two basic types of meter: one which 
employs phase-angle relationships to derive a vector-sum total 
of volt-ampere-hours, and one which measures the arithmetical 
sum of the apparent energy through all phases. Except when 
loads are badly unbalanced, the difference between the two 
methods of measurement is very small (see Section 8.1). 


(3) EXISTING METERS AND PREVAILING MAXIMUM- 
DEMAND CHARGES 


(3.1) The Maximum-Demand Indicator 


The type of m.d. indicator in general use embodies a Merz 
demand mechanism geared to an integrating meter. The mech- 
anism is in fact an integrating clock with one hand which drives 
a friction-held pointer over a scale of about 300°. The hand or 
driving pointer is automatically reset to zero at the termination 
of a definite time interval. The driven pointer remains in the 
maximum position until it is either driven to a higher position 
at a succeeding interval, or reset at the termination of the 


[ 263 ] 


264 


assessment period. In this way, the maximum quantity measured 
is averaged by integration over a definite time interval, and 
charges made are based on the highest value of the quantity 
taken within an agreed assessment period. 


(3.2) The Kilowatts-Maximum-Demand Charge 


Because of the relative simplicity of the energy meter, use is 
often made of a kilowatts-maximum-demand indicator to 
assess distribution charges. Consumers who then take the trouble 
to ensure that their load is reasonably balanced and at a power 
factor as high as is practicable inevitably pay an unfair proportion 
of such charges. In order to illustrate this, two typical consumers 
will be considered. Both consume the same number of units and 
have identical readings of kilowatts maximum demand. The first 
takes a balanced load at unity power factor but the second takes 
a single-phase load across phases at a power factor of 0-866. It 
will be seen that by kilowatt-maximum-demand measurement, 
although both pay the same distribution charges, the equipment 
required to supply the second is twice as large as that required to 
supply the first. Alternatively, if the second load is balanced, 
but at a power factor of 0-5, the equipment required is again twice 
as large as for the first consumer. If the total system output is 
taken by these two consumers and they are charged ona kilowatts- 
maximum-demand basis, the annual distribution costs will be 
shared equally by the two; whereas the first should pay much less 
than the second. 


(3.3) Alternative Maximum-Demand Charges 


In the construction of m.d. tariffs their designers were forced 
to consider the types of meter available for their assessment. 
Suitable apparent-power m.d. meters were unobtainable and 
several types of tariff were introduced which, although assessable 
by the use of conventional meters, could not readily be under- 
stood by consumers. 

Some such tariffs employ a value of average power factor 
established over an assessment period by the use of energy and 
reactive-energy meters. This value of power factor, explainable 
only when loads are balanced, is used in conjunction with a value 
of m.d. in kilowatts measured over one particular time interval 
of an assessment period. 

Others incorporate a measurement of reactive-power m.d. 
which must be very difficult for most consumers to understand, 
and it is not surprising that, in many cases, legal agreements have 
been necessary before such tariffs could be applied. 


(3.4) Kilovolt-Ampere Maximum-Demand Meters 


Integrating meters for apparent energy (kVAh) are much more 
complex than energy meters. They are usually much larger and 
more expensive, their standard of accuracy in some designs is 
inferior to that of energy meters and certain types are accurate 
only within declared limits of power factor or voltage. The 
most popular has been the limited-power-factor-range type. 
This is essentially a kilowatt-hour meter and therefore falls in 
the vector sum class, It is connected and calibrated to integrate 
at a maximum rate when the load power-factor is of some pre- 
determined value. Meters of this type are supplied for use within 
a marked range of power factor over which their accuracy is 
reasonable; outside this range quite large errors are introduced. 
It is therefore necessary to predict the power factor range of the 
load to be metered. 

Another vector-sum class comprises two complete integrating 
meters in one case. One is a kilowatt-hour meter and the other 
a reactive-kilovolt-ampere-hour meter. Coupling the two inte- 
grators is a system of gearing which includes a mechanical 
apparent-energy (kilovolt-ampere-hours) integrator. The accuracy 
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of the latter is, within reasonable limits, unaffected by the value| 
of power factor between unity and zero lag. | 

There is also the current-operated induction type of maximum: 
demand indicator. This is obtainable with compensation fon 
slight variation of voltage. Although such a meter is not Dip) 
vided with an integrator, the maximum-demand indicator is op 
the Merz type and has a scale calibrated in kilovolt-amperes 
Since such meters do not depend upon phase relations for thet 
operation they are in the “‘arithmetical sum”’ category. | 

None of these meters has received the general acceptance giver) 
to the induction-type energy meter. Hence the introduction 0: 
a new apparent-energy meter which may ultimately receive uni- 


versal recognition. 


(4) A NEW 3-PHASE VOLT-AMPERE INDICATOR 


By the use of current transformers and rectifiers, 3-phasej 
currents can be summated to provide control current proportionay 
to the arithmetical sum of the three phase-currents. 1 

Similarly a 3-phase voltage can be made to produce a contro}, 
current by the use of three separate resistor banks connectec| 
to the three phases, with a small 3-phase rectifier forming thal 
neutral of a star connection. A coil connected to the d.cd 
terminals of the rectifier would carry a direct current proportiona 
to the 3-phase voltage. 

A single-element dynamometer wattmeter connected to such </) 
circuit can be calibrated in terms of 3-phase volt-amperes, ana) 
Fig. 1 shows such an arrangement which has proved to be é|- 


Fig. 1.—Circuit diagram of 3-phase volt-ampere indicator. 


very accurate and stable instrument. It is submitted that theri 
are many circuits for which a control engineer would prefer te) 
have a kilovolt-ampere indicator in place of the usual wattmeter 

By careful selection of components it has been found possibli) 
to calibrate a precision 3-phase volt-ampere indicator to .| 
degree of accuracy and stability normally associated witli 
precision wattmeters. Such an indicator can be used to simplifi) 
the calibration of apparent-energy meters. 


(5S) A NEW 3-PHASE APPARENT-ENERGY METER 
(5.1) Development 


Realizing the necessity for a meter to measure unbalancec 
3-phase apparent energy, which would be in keeping with t 
normal energy meter, the author searched, as many have doni| 
before him, for a method by which this ideal could be achieveci 

The problem was to develop a true meter from which thi| 


maximum demand in volt-amperes could be ascertained. It was 
therefore necessary to provide means whereby the currents in 
ithe three phases could be added arithmetically and applied to the 
meter in such a way that the product of this addition and the 
ssystem voltage would be integrated. 

) A d.c. watt-hour meter, when connected in place of the indi- 
cating instrument in Fig. 1, behaved as an apparent-energy 
meter, but the practical difficulties associated with such a com- 
bination discouraged its use. Further investigation, however, 
led to an attempt to replace the d.c. watt-hour meter by a single- 
velement induction-type energy meter. The key was found in the 
suse of a transductor which converted rectified alternating current 
of variable power factor to alternating current with its phase 
fixed in relation to an alternating voltage. 

_ The transductor was used as a d.c. transformer with its 
‘secondary windings energized by an alternating voltage, which 
also provided the output energy to operate the meter. Such a 
transductor operates with the same degree of accuracy as an a.c. 
instrument transformer. Its primary winding carries direct 
current which is represenied in its secondary circuit by alter- 
‘nating current, the average value of which is a true measure of 
the primary current. If, therefore, the sum of the rectified phase 
‘currents is applied to the primary, and the secondary current is 
‘passed through the current coil of an induction watt-hour meter, 
the meter current will be a function of the total 3-phase current. 
Tf the voltage coil of the watt-hour meter is connected across two 
phases of the 3-phase circuit, the meter will then integrate at a 


‘rate which is a function of the volt-amperes of the circuit being 
“metered (see Fig. 2). 


‘Fig. 2.—Circuit diagram of 3-phase apparent-energy integrating meter. 


A. Auxiliary current-transformers. E. Auxiliary voltage-transformer. 
B. 3-phase rectifier. F. Meter current-coil. 

C. Metrosil unit. G. Meter voltage-coil. 

D. Transductor. H. Synchronous motor. 
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= (9) 


- (10) 


Fig. 3.—Internal arrangement of meter components. 


1, 3-phase metal rectifier. 9. Transductor, 
2. Sockets for indicator mechanism. 10. Metrosil disc. 
3. Spring clamp for top bearing. 11. Pinion drive to indicator mechanism. 
4. Die-cast meter frame. 12. Low-load compensator. 
5. Locking screw for low-load adjust- 13. Low-load adjustment. 

ment. 14. Twin brake-magnets. 
6. Aluminium disc. 15. Locking screw for micrometer speed 
7. Coarse speed adjustment moving adjustment. 

brake-magnet system. 16. Socket for resetting-mechanism 
8. Micrometer speed adjustment by motor. 


magnetic shunt across brake- 
magnet poles. 


Development along these lines finally resulted in the production 
of a polyphase apparent-energy meter (see Fig. 3), comparable in 
size and performance with a normal polyphase energy meter. 
The auxiliary voltage transformer and the three auxiliary current 
transformers are mounted as a compact assembly on the back 
of the chassis. 


(5.2) The Voltage Components of a 3-Phase System 


It will be understood that although load currents may be 
unbalanced and the system voltage variable by as much as 
+10°%, the three line voltages remain balanced to within very 
close limits. For all practical purposes, therefore, a measure- 
ment of the line voltage is directly proportional to the voltage 
to neutral (see Section 8.2). 

The new meter utilizes this fact and its one voltage coil is 
connected across two of the three phases. The small improve- 
ment in overall accuracy which could be achieved by the use of 
a meter having three elements each connected to its own phase 
does not justify the large increase of cost and size which would 
ensue. 

(5.3) Design Details 


The single induction-pattern meter element used in the new 
meter differs only slightly from those which are used in energy 
meters. Its current coil is energized from the secondary winding 
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of a small voltage transformer through the a.c. windings of a 
small transductor. The primary winding of this voltage trans- 
former, and also the voltage coil of the meter, are wound for 
connection to the supply-voltage or mains-voltage transformer. 
The primary winding of the transductor carries the direct current 
from a 3-phase rectifier fed from the secondary windings of three 
auxiliary current-transformers, with their primary windings con- 
nected into the three main lines, or to the secondaries of main 
current-transformers. The meter element, the four auxiliary 
transformers, the rectifier and the transductor are all mounted in 
an ordinary polyphase meter case. 


(5.4) The Rectifier and its Auxiliary Current-Transformers 


The type of rectifier used is referred to in Section 8.3, which 
describes the method used to rectify currents flowing in three lines 
of a 3-phase circuit. It will be noted that three auxiliary current- 
transformers are connected between the rectifier and the main 
circuit or main current-transformers. These auxiliary current- 
transformers are necessary to provide the required insulation 
between the three main current circuits and to permit the use of 
a comparatively small rectifier. So that the meter will with- 
stand at least thirty times normal-load current for half a second, 
the auxiliary transformers are designed to saturate, and this 
feature, together with a non-linear resistor connected in parallel 
with the rectifier, prevents damage to the meter when short- 
circuits occur on a consumer’s installation. 

The summated rectified current is applied to the primary 
winding of the transductor and a tapping at the central point of 
this winding provides a neutral point for the auxiliary current- 
transformer secondary windings. 


(5.5) The Transductor 


The transductor comprises two strip-wound nickel-alloy cores, 
each of which is wound with the required number of turns to 
form the a.c. winding. These may be connected either in series 
or parallel, but the parallel condition is used because the a.c. 
Output is more suitable for the operation of the meter. This 
output is controlled by, and is directly proportional to, the 
summated rectified line currents, which pass through the primary 
turns embracing both cores. 

It is not proposed to describe the mechanism of the transductor 
because this has already been covered by previous writers.!9 1! 
It is desirable, however, to state that the average a.c. output is a 
linear function of the d.c. input even when the alternating 
energizing voltage varies. In other words, the transductor is a 
current transformer for direct current, so designed that the 
alternating magnetizing current is less than 1% of the current 
which it will pass at full load. 

Oscillograms show that the secondary current is in the form of 
pulses which are phase displaced in relation to the voltage across 
the transductor, and it will be seen that the current lags behind 
the voltage by an angle varying slightly with the load current 
(see Figs. 4-8). Since this current is to be applied to one coil 
of the integrating meter, its phase is of importance to the ultimate 
accuracy of measurement, and in order to keep the phase change 
to a minimum the power output taken through the transductor 
at full load must be only a small fraction of the maximum power 
it is capable of passing. 


(5.6) The Combination of Rectifier, Transductor and Induction 
Meter as an Apparent-Energy Meter 

As already explained, the 3-phase load currents are arith- 

metically summated by means of a dry plate rectifier, which 

provides a direct current (Jp~) proportional to the sum of the 
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three phase currents (Ip, Ty and Jz). This direct current passe 
through the transductor primary winding, and the resultinr 
secondary current which passes through the meter current co) 
lags behind the applied voltage by approximately 85°. Also, a 
described in Section 5.5, this phase angle varies slightly bi 
change of load current, and in order to minimize the effect 
this variation, the effective magnetic flux of the voltage coil mus 
lag 90° behind the effective current-coil magnetic flux when thi 
load currentisabout 50%. Thisisalso a condition which provide 
maximum driving torque and is therefore a very desirable featur 
(see Section 8.4). 

There are several methods by which the active magnetic flu 
of induction-meter electromagnets can be adjusted, but as thes 
methods are well known it is not proposed to enlarge on the: 
It is sufficient to state that, in order to provide the required 
magnetic flux relation, the transductor is energized by a voltagi, 
which leads by 60° the voltage applied to the meter voltage-cay 
(see Fig. 2). The further 25° or so is then provided by phase 
displacing the effective magnetic fluxes of the meter and also ti 
the phase angle of the auxiliary voltage-transformer. 

With the meter compensated in this way so that its torque | 
highest, proportionally, at about 50% load, its torque at lowe 
loads would be lower owing to the slight phase variation of if 
transductor current, but this is corrected by adjusting the mete 
to have a forward torque on voltage alone. This torque (which: |, 
a function of the square of the voltage) would cause registratiaq 
on no load, and in order to prevent this the disc has six anti ; 
creep holes. These holes also have a braking effect proportioa 
to the square of the voltage, and this feature minimizes erro: 
which tend to occur at low loads when the system voltage vareq 

A typical meter has an error range of +1-5% from 5 to 125‘) 
load at any value of power factor with the current either leadiry, 
or lagging. It will withstand double load current continuous§) 
and a short-circuit current of at least 30 times normal for 0-5ses 
Errors resulting from variation of voltage, frequency or te: 
perature do not exceed the limits usually associated with indi 
tion-type energy meters. 


| 
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(8) APPENDICES 

"8.1) The Difference between Two Methods of 3-Phase Apparent- 
oo Power Interpretation and Measurement 


In method (a) let the total 3-phase apparent power be expressed 
s 4/[(3VA cos $)2 + (VA sin ¢)?|, where V is the voltage 
to neutral and A is the current in each phase in amperes, the two 
srms of the expression being respectively the quantities measured 
by a wattmeter and a reactive-power meter. Where cos ¢ is 
the power factor of a balanced 3-phase load, this expression 
equires no explanation. If, however, the load is unbalanced 
there may be three separate values of ¢, and when loads are 
widely different the expression cannot be applied to a system 
‘of three phases, which would be transmitting an apparent-power 
oad different from that of the consumed load. For example, a 
non-inductive load across two phases imposes a burden on each 
‘of two phases of the system. In one phase the power factor is 
0-866 lag and in the other, 0-866 lead. The reactive-power 
meter in method (a) measures only the difference between the 
leading reactive power in one phase and the lagging reactive 
power in other phases. The indication is therefore of zero 
reactive power, even though two phases are transmitting power 
‘at 0-866 power factor. 

~ In method (b), the total 3-phase apparent power is the sum of 
the volt-amperes transmitted through all phases, and is expressed 
as VA ioral = VrAr + VyAy + VgAp (where A and V are the 
yalues measured respectively by ammeters in each phase and by 
voltmeters connected from each phase to neutral). By the use 
of a common reference voltage the value of VA,,,,; is unaffected 
by load unbalance or by the position in the distribution system 
‘at which the measurement is made. 

The difference between method (a) and method (6) becomes 
significant only when 3-phase 3-wire loads are excessively 


Table 1 


y 
RESULTS OF TESTS ON Two 3-PHASE METERS ON A 3-WIRE SYSTEM. 
(NON-INDUCTIVE LOADS ACROSS PHASES) 


Meter speeds 


Percentage 
difference, b=100 


Meter a Meter b 


r.p.m. Yo 
26:0 
295 
27:8 
21-6 
17:3 


I.p.m. 
26:0 
29:4 
27:4 
PALA 
15-0 


bs In meter (a) VAtotal = /(P? + Q?) (i.e. vector sum). ' 

In meter (6) VAtotat = VrAr + VyAy + VpAp (i.e. arithmetical sum). 
unbalanced. Table 1 shows the result of an actual test and the 
values obtained can also be proved by mathematical analysis. 
From this it will be seen that even if 60% of the total load is 
unbalanced the difference is less than 2°3%. 
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(8.2) Voltage Representation of a 3-Phase System and its Effect 
on the Accuracy of the Meter 


A 3-phase system has voltages to neutral Vp, Vy and Vz. 
When these are equal and spaced at 120° the system voltages 
are balanced and a voltage measurement between phases 
accurately represents the values of voltage to neutral. Even 
though voltages to neutral are sometimes unbalanced by as 
much as 3% it will be found that any value of voltage between 
phases still represents the average voltage to neutral within 1%. 


Table 2 


OBSERVED ERRORS IN THE NeW VOLT-AMPERE-HOUR METER 
OPERATING WITH THE SYSTEM VOLTAGE UNBALANCED 


3-phase system-voltage unbalance Meter error 


Balanced 
Vr — 10%, or both Vg and Vy + 10% 


Vr + 10%, or both Vg and Vy — 10% 
Vy — 10%, or both Vrand Vg + 10% 
Vy + 10%, or both Vr and Vg — 10% 
Ve — 10%, or both Vy and Vr + 10% 
Vz + 10%, or both Vy and Vr — 10% 


The parameters of the new meter are such that the error is 
even less than 1°%, and actual tests taken with the meter on a 
system with its voltages to neutral unbalanced by 10% show 
that in no case did the error exceed 2:7% (see Table 2). 


(8.3) Dry Plate Rectifiers and their Use in the Meter 


Although the inclusion of copper-oxide rectifiers in measuring 
circuits for converting alternating current into direct current is 
well established, their very low maximum plate-voltages introduce 
difficulties when they are used in industrial current-measuring 
circuits where the possibility of overload is always present. 

Selenium rectifiers, whose plates will withstand a voltage in 
excess of 20 volts are more suitable for industrial use, and 
extensive life tests on many thousands of these plates have proved 
that selected rectifiers are entirely satisfactory for measurement 
purposes. Circuits must be designed so that characteristic varia- 
tions in the forward resistance and the reverse leakage current 
will have no significant influence on the ratio of alternating to 
direct current values. 

The 3-phase bridge rectifier embodied in the meter is of the 
selenium type. It is connected between three current trans- 
formers and a control coil of (Np-) turns. A centre tap on the 
control coil is connected to the star point of the star-connected 
transformers (see Fig. 2). 

This arrangement ensures that the d.c. ampere-turns UpcN pc) 
are proportional to the sum of the current-transformer secondary 
currents Ip, Iy and Ip. The actual relation can be expressed as 
IncNpc = 0:45NpcUr + Ly + Ip). 


(8.4) Meter Element Operation by the Transductor 


The average number of control or primary ampere-turns on the 
transductor (NpcI pc); as described in Section 8.3, is equal to 
0-45Npc(lp + Ty + Ig). The basic equation for a parallel- 
connected transductor, with its a.c. voltage and secondary 
impedance within specified limits, is given by N4clyc = 2Npcl po 
where Nyc is the number of turns per core and [4c is the 
average value of the secondary current pulses. It follows that 
lic= 0-9 PCr et Ty + Ig). Thus 4c is proportional to the 

AC 
sum of the alternating currents. 
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Fig. 4.—Operation of meter components 
on 25% load. 


Fig. 7.—Operation of meter components 
on 125% load. 


This alternating current, [4¢, passes through one coil (C) of 
the induction-meter element, with its other coil (S) subjected to 
the system voltage, V. Phase selection and other well-known 
phase-adjusting methods are used to ensure that the pulse I4. 


occurs at the instant when JV is at its peak value, V,,,,,- 


Let $c = The instantaneous value of the flux due to coil C. 
fs = The instantaneous value of the flux due to coil S. 
ic = The instantaneous value of the eddy current in disc 
induced by ¢c¢. 
ig = The instantaneous value of the eddy current in disc 
induced by dz. 


Then the instantaneous rotor torque is proportional to 
psic + $cis. Although ¢¢ and ig are sinusoidal, }¢ and ig are 
only part-sinusoidal since they result from I,¢, which is in the 
form of pulses existing for the very short intervals during which 


DISCUSSION BEFORE THE MEASUREMENT AND CONTROL SECTION, 17TH JANUARY, 1956 


Mr. D. J. Bolton: The question of how to charge for bad 
power factors is one of the great unsolved mysteries of electricity 
supply. Of the 16 Area Boards concerned with the sale of 
electricity in March, 1955, I find that there were no less than five 
different ways of dealing with the problem. The Central Elec- 
tricity Authority, in their bulk-supply tariff, disregard power 
factor entirely. As regards the retailing boards who have 
standardized a two-part tariff, three of them base the standing 
charge on apparent power, five use (or threaten to use) a power- 
factor adjustment of one kind or another in the kilowatt assess- 


Fig. 5.—Operation of meter components 
on 50% load. 


(a) Rectified 3-phase current, 0-6amp/cm. 

(b) Meter element voltage, 132 volts/cm. 

(c) Current through left-hand transductor coil, 1-3 amp/cm. 

(d) Meter element current (total transductor output), 2:8 amp/cm. 
(e) Current through right-hand transductor coil, 1-3 amp/cm. 

(f) Voltage applied to transductor circuit, 2 volts/cm. 


Ordinate scales refer to original records; the figures are approxi- 
mately one-third original size. 


Fig. 6.—Operation of meter components 
on 100% load. 


Fig. 8.—Operation of meter components 
on 160% load. 


fs can be considered at its maximum value ¢.,,,,. The averasl 
torque produced during these intervals is therefore proportio 
to (Psmaxic) or Vi»/3Ug + Ty + Ig), since V//3 is represent), 
by ®smax, Which is proportional to the measured voltage, and | 
is induced by ¢¢ which is proportional to I,, and to the sui 
Goetze 
In practice, when the meter is on overload, the pulses il, 
persist for an interval during which V falls below its peak vali 
Vinax: At very low loads the pulses are of very short duratid 
and they occur at an instant when V has fallen slightly belcd- 
Vinax (see Figs. 4-8). As described, these characteristics tend |) 
introduce slight negative errors, particularly when loads ad t 
below 20%. However, by the use of compensating devicd 
the overall performance of the new apparent-energy meter | 
similar to that of the well-known induction-pattern ener) 
meter. 


tariff. So we have a somewhat complex picture, but the auth} 
can at least claim that the basis for which his meter is design: 
represents the largest single method for power-factor penalizatio: 

If we leave the factual position and come to the theoretic! 
justification for the use of that type of meter, the case is not qu: 
so strong. The standing charge of the two-part tariff has 
collect the maximum-demand charge of the bulk supply as wi 
as covering the demand-related costs of the Area Board itsed 


BAXTER: A NEW METER FOR THE KILOVOLT-AMPERE-DEMAND CHARGE: DISCUSSION 269 


Thus only about half of this standing cost is affected by power 
factor, and even this not so strongly as the author implies. It 
is true, as the author states, that a balanced load with a power 
factor of 0- 5 or a badly unbalanced load with a power factor of 
0-866 Tequires twice as much distribution equipment as one with 
a unity power factor. But is it not somewhat unrealistic to 
suppose that, in fact, twice the equipment will be provided? 
Surely if a Board were faced with this situation they would find 
some more economical solution than duplicating the whole of 
their equipment. 
_ Historically, the kilovolt-ampere basis preceded the kilowatt 
‘basis. The original Hopkinson two-part principle was imple- 
Mented by means of the Wright meter, which was a thermal 
‘sluggish maximum-reading ammeter. The thermal principle had 
the advantage of an inverse time-lag characteristic, and of course, 
looked after power factor. Unfortunately, besides neglecting the 
voltage, it lacked precision. One knew that it was measuring the 
right thing, but nobody could state precisely what it was measuring. 
_ Then Merz produced an exact’ mathematical piece of clock- 
work, but since it was linked with an energy meter it took no 
account of power factor. The author has now repaired this 
‘omission, and has devised an ingenious way of using the Merz 
time-interval principle to record volt-amperes instead of watts. 
_ With regard to the rather complicated combination described 
‘in Section 5.6, whereby alternating current is rectified to direct 
‘current and then transducted back to alternating current, each 
‘of these conversions means that a certain amount of adjustment 
and compensation has to be provided. One would need to have 
more detailed figures than the author is able to give in his paper 
Defore being satisfied that all these adjustments were going to 
‘Operate correctly. 

_ Inotice, for instance, that the torque is highest, proportionally, 
at about 50% load, and a positive torque addition is needed at 
lowioads. That is provided by a voltage torque independent of 
load. But if 50% load gives the maximum torque per ampere, 
wili not an adjustment also be needed on high loads? Moreover 
this adjustment requires a counter-adjustment in the form of 
holes punched in the disc to give an anti-creep mechanism. 
‘This, in its turn, must be sufficiently powerful to prevent shunt- 
‘Tunning when the voltage is somewhat high, but not enough to 
prevent registration on low loads and voltages. 
_ Mr. J. W. Carter: In many instances the recent re-organiza- 
‘tion of tariffs required a change from kilowatt to kilovolt- 
‘ampere demand metering, which provided an opportunity to 
‘compare their respective merits from practical experience with 
‘both methods. For those who deal with day-to-day matters 
arising from meters in service, the most striking difference is the 
‘simplicity of the kilovolt-ampere tariff in being implemented 
from meter readings that can be checked by the consumer and 
ate directly connected with the figures of his account, whereas 
kilowatt tariffs are usually associated with an indirect kilovolt- 
ampere charge derived from an adjustment for power factor 
Which involves a calculation that is quite obscure for the vast 
‘Majority of consumers and is an objectionable feature in a com- 
Mercial transaction. 
~ In the absence of an authoritative definition of polyphase 
‘apparent power, there is a choice between vector-sum and 
arithmetical-sum measurements. Complete uniformity can be 
attained by using one method only, but in dealing with both 
large and small supplies this principle is not easily applied. It is 
fortunate, therefore, that loading conditions at times of maximum 
‘demand are hardly likely to produce the differences suggested by 
theoretical considerations. A comprehensive use of the Transva 
‘Meter might be possible, but would depend upon its suitability for 
summation metering, which, for the impulse method, would 
entail a further burden on the single-element meter. 


Kilovolt-ampere maximum-demand meters suffer from the 
great variety of ways in which their scales are marked. Benefits 
would follow a measure of standardization, and as the Transva 
meter has advanced a step in this direction, a reference to scale 
marking would be an interesting addition to the paper. The 
author has given an assurance about the effect of short-circuit 
conditions on the meter, but on this important point, supporting 
test data would be very welcome. 

Mr. C. Ryder: The author’s device would seem to lend itself 
admirably to summating two or even three circuits. In starting 
with the advantage of obtaining the measurement of a 3-phase 
circuit on one single meter element, it would seem only to be 
necessary to have two or three elements with the discs coupled 
together to summate two or three circuits. A further advantage 
would seem to be that the mechanism has not been increased. 

There is the other alternative of electrical summation, where 
the current in the circuits can be fed through the rectifiers on to 
the common primary winding of the transductor. If that is 
possible, the summation arrangements would not be limited 
merely to two or three circuits—the meter would lend itself 
to being extended to almost any number of circuits. 

I heard recently of some consumers who had premises that 
had grown more or less randomly over the years. As additional 
buildings had been obtained for manufacturing purposes, the 
electrical supply had been extended by creating additional self- 
contained small distribution systems. The consumer was thus 
left with the problem of dealing with a number of isolated meter- 
ing circuits. Not only is the consumer bothered, but the supply 
authority must also be concerned, because whenever one is 
applying tariff penalties in terms of power factor—or it may be 
bounties—the question arises of how to get an accurate assess- 
ment of simultaneous maximum demand on a number of separate 
metering circuits. I should like the author to comment on the 
possibilities of modification or application of the new meter to 
summating purposes. 

Mr. F. G. Talbot: In 1929 E. W. Hill pointed out anomalies 
and ambiguities that can occur through the indiscriminate use of 
different definitions of apparent power (see Reference 1 of the 
paper). 

Little progress has since been made towards resolving this 
fundamental difficulty. In fact, owing to the more widespread 
use of plant with non-linear and other characteristics, the position 
is now worse than it was at that time. B.S. 205 still gives three 
definitions for total equivalent volt-amperes. 

The delay in reaching a solution has certainly not been due to 
any lack of ingenuity on the part of meter designers. Many 
types of kVA-meters are manufactured, some of which give the 
vector summation of the phase currents, and others the arith- 
metic sum; some cater for unbalanced factors by including 
negative-sequence currents, some include distortion power, and 
others do not discriminate in this respect. In some designs, 
ingenious mechanisms are included to give a true indication of 
apparent power with varying power factor over the time-integra- 
tion period, at the same time ignoring harmonic-distortion 
currents which, in certain circumstances, can be much greater in 
their effect than power-factor variation over short periods. 

Some engineers and others have been concerned about the 
characteristics of the time-integration period, i.e. whether it 
should be linear, or exponential to follow the heating character- 
istics of the load, and one American firm has constructed a 
mechanical device to simulate this latter characteristic. 

It seems that it is time to evaluate the relative economic im- 
portance of the various factors I have.mentioned. Until this is 
done, money will continue to be spent on ingenious devices in 
what might prove eventually to be unsuccessful attempts to 
provide a meter for the perfect tariff. 
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It would add to the value of the paper if more test figures were 
included, e.g. a kVA indicator should, at least, measure the 
product of r.m.s. voltage and r.m.s. current, and it would be 
interesting to know how the meter described would stand up to 
the tests described in Dr. Dannatt’s paper.* 

Mr. A. R. Mowl: With reference to Fig. 1 of the paper, no pro- 
vision has been made for smoothing the rectified currents which 
energize the wattmeter coils. Even with bridge-type 3-phase 
rectifiers there is an appreciable a.c. component, and if alternating 
current is present both in the fixed and moving coils of the 
wattmeter, a torque will be developed, the magnitude of which 
will depend upon the phase relationship of voltage and current 
in the polyphase circuit. As the frequency of the alternating 
components is six times the fundamental frequency, it seems 
probable that the error of the volt-ampere indicator could swing 
from maximum negative to maximum positive and back again 
while the load phase angle changed 60°. This does not appear 
to be consistent with the statement that the indicator can be 
calibrated to a degree of accuracy normally associated with 
precision wattmeters. 

The apparent-power-demand meter, which forms the main 
subject of the paper, does not appear to be liable to phase-angle 
errors in the same way as the indicator. However, I should like 
to know whether tests have been carried out to determine the 


THE AUTHOR’S REPLY TO 


Mr. P. Baxter (in reply): There will always be differences of 
opinion regarding the construction of a tariff to ensure fair 
distribution of costs, and since we cannot hope to reach perfection 
it would seem that overall simplicity, uniformity and metering 
accuracy are the most important factors. It gives considerable 
satisfaction to have Mr. Bolton’s agreement that the new meter 
is designed to suit the most common method of power-factor 
penalization. 

Methods of compensating the meter are similar to those 
employed on all commercial meters, and negative errors at high 
loads are reduced by saturable magnetic shunts. 

Mr. Carter’s experience with several methods of applying a 
maximum-demand tariff is similar to those reported from several 
countries. Confidence in both the simple kVA maximum- 
demand tariff and the’ meter is shown by the large number of 
meters now in service. 

Circuits known to be generally unbalanced have been metered 
over long periods by meters of several types, and identical records 
of maximum demand appear to prove Mr. Carter’s opinion 
regarding the use of meters operating on either the vector-sum 
or the arithmetical-sum principle. 

Over-current tests up to 30 times full load for 4 sec were carried 
out on typical meters in which oscillograph shunts were intro- 
duced, and the rectifier plate voltage peak was less than the 
rectifier maker’s recommended maximum. The meter perfor- 
mance after the test proved that no defects had been contracted. 

Simultaneous maximum demand can only be established on a 
summation device, and Mr. Ryder envisages the use of a multi- 
element meter for this purpose. Such an arrangement has already 
been introduced for two circuits and is quite suitable for maximum- 
demand metering. For more than two circuits, impulse metering 
is the more accurate. 

A treatise on the effect of non-linear loads on metering accuracy, 
referred to by Mr. Talbot, predicts errors introduced to energy 
and reactive-energy meters which are also applicable to the new 
meter. 

It is agreed that there has been ambiguity associated with the 


* DANNATT, C.: ‘The ee of Mercury-Arc Rectifier Supplies and Outputs’, 
Journal I.E.E., 1937, 81, p. 256. 
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effect of small changes in phase angle. Errors of this kind, i 
they exist, would probably be unimportant in normal operatior 
owing to the averaging effect of the demand mechanism or 
circuits with varying power factor, but in the test room, where! 
the power factor is likely to remain steady during short-periog 
tests, dependence upon power factor may cause embarrassment, 

It would also be useful to have data obtained from tests witli 
varying voltage, frequency and temperature, in order to compare 
the performance of this meter with others using different as | 
ciples of operation. 

Mr. S. F. Knight: The author has shown how, with balanced 
loads, the ripple in the transductor control current, which ij 
seen in each output circuit, does not appear in the meter curren; 
coil. Does this still hold true on unbalanced loads when th: 
ripple is very much increased, or has it been found necessary tcf 
smooth the direct current to cover such conditions ? if 

The current that the transductor will pass on no load—abo 
1% of the full-load current—would appear to be an embarrassmer 
at low loads on the meter. This could be overcome by the uss) 
of a bridge circuit. The secondary winding of the auxiliary) 
voltage transformer E in Fig. 2 of the paper would be centres, 
tapped and the transductor magnetizing current balanced againsy 
the current taken by a small choke. This would make the sii 
anti-creep holes unnecessary, and should prove a better design. 


THE ABOVE DISCUSSION 


definition of apparent power, applied to tariff metering of 3-phas3_ 
supplies, but it would appear that ‘total volt-amperes’ is becomiay 
the more popular definition since it is related more directil 
to costs. 

Mr. Mowl’s contention that some variation occurs in thi 
accuracy of the kVA indicator is true; power-factor chang3 
varies its accuracy by less than0-6%. The addition of smoothiny 
reduces the error below 00-15%. This arrangement has bees) 
found to be quite satisfactory for short-period testing and i 
considered unnecessary for commercial indication. 

The following test results are given at the request of Messrs} 
Talbot and Mowl. | 

A typical 3-phase volt-ampere indicator with smoothing) 
calibrated to three dynamometer ammeters and three dynamcj_ 
meter voltmeters was accurate to +0-°3°% at standard frequencq) 
and temperature. The measured characteristics were as follows] 


0-1°% chang} 
0-008 70 change per 1°¢ f 
0: 


Power factor over 360° .. 15% chang) 
Voltage unbalance of 10% 0:5% changes 


A typical 3-phase VAh meter, operated at standard temperature 
voltage and frequency, had the following load curve: 


Frequency from 45 to 55c/s__... 
Temperature coefficient from —5°C to ‘440°C 


orrakehingst a, SA WOOF BO 50%. 100%  12577— 
Error ree lA 0 +0°3% +0:5% 10) —0:5°h 
Measured characteristics were as follows: t 
Self heat 1-2% changgl 


Frequency from 4: 45 to 55 c/s ‘ne 0-5% chang 
Temperature coefficient from —5°C to +40°C 
0:05% Sa per-by 
5% chang 
3 1% change (maximuni) 
ab Bag 1% chang 
When loads are unbalanced the ripple eed to by M 
Knight does not appear in the meter current coil and no smoot} 
ing is necessary. Whilst the bridge circuits he suggested d 
result in certain improvements, the present arrangement has ; 
minimum number of components and is more satisfactory fc) 
large-quantity production. | 


Power factor over 360° .. 
Voltage unbalance of 10% 
Voltage variation of 10% 


621.31 : 614.84 
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| SUMMARY 
The paper reviews data on the occurrence of fires due to defects in 
fixed electrical installations amongst a population of about 2-5 million 
‘consumers over the years 1951-53 inclusive. The correlation between 
‘age of installation and the incidence of fires is examined, and it is 
‘shown that for installations more than fifteen years old the incidence 
‘of fires is roughly proportional to the age of installation. There is no 
‘clear indication of any maximum safe life. Installations less than 
15 years old are considered as a separate class, being subject to 
innovations in housing construction and installation practice. Incom- 
_plete data on the types of equipment revealed as defective and on the 
nature of the defects are reviewed. There is no clear indication that 
any one type of equipment is particularly subject to the effects of age. 
‘The most frequent primary cause of fire is defective wiring, and the most 
‘frequent secondary cause fortuitous contact between wiring or earth- 
continuity conductors and composition gas-pipes. Apart from the 
latter, there seems no single type of defect the elimination of which 
could lead to outstanding reduction in the incidence of fires. 


(1) INTRODUCTION 


In 1947, the Electrical Research Association Subcommittee 
_Y/B (Fire Risks) agreed that an answer was urgently required to 
the question posed by their Chairman, Mr. H. W. Swann, 
‘whether there was an age at which electrical installations, and 
‘particularly domestic installations, might be supposed to have 
teached the end of their safe useful life. It was at first thought 
that information might be gained by detailed study of particular 
cases of fires alleged to have been caused by electricity, but no 
practicable arrangement emerged. An alternative course was 
the detailed inspection of sample aged installations, but a pilot 
“investigation in which the wiring and fittings in a large house 
due for demolition were thoroughly, and indeed destructively, 
examined, did not give encouraging results. 

A third possibility was a more general attack using existing 
channels of information. If installations were becoming unsafe 

‘through age, it should be possible to demonstrate the fact by 
examination of statistics on failures. 

One class of failure consistently reported is that giving rise to 
fires. Fire authorities have for some years past assessed and 
reported on the origin of all fires or manifestations giving rise to 
calls to fire brigades; 10% of all fires in buildings attended in 
1946 were attributed in such assessments to electrical causes. 
If a suitably large group of installations of which the age distri- 
bution was known could be segregated, and the age of each 
‘installation causing a fire call determined, then the number of 
fire calls per ten thousand installations of each age group could 
be found, and significant variation of this figure with the year 

- of the installation should indicate the effects of age. 

This plan proved practicable, and—with the co-operation of 
‘the D.S.LR. and Fire Offices’ Committee Joint Fire Research 
Organization (J.F.R.O.) and of a number of British Electricity 
Area Boards—was put into effect. The paper describes the way 
in which the investigation was carried out, and the results 


_ The paper is based on Report Ref. V/T117 of the British Electrical and Allied 
Industries Research Association. 
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obtained. In addition to the broad information which the work 
was primarily designed to produce, a good deal of detailed 
information on the causes of fires also became available. This 
also has been analysed so far as is possible. 


(2) METHOD OF INVESTIGATION 


Ten of the Area Boards, having substantial regions within 
which the annual increase in the number of consumers (from the 
time at which supply within the region was commenced or shortly 
afterwards) and the date on which the premises of each existing 
consumer was first given supply were known, agreed to furnish 
the E.R.A. subcommittee with the date of first connection for 
any premises within these regions indicated to them as having 
been the seat of a fire attributed by the fire authorities to electrical 
causes. 

The total number of consumers at the end of 1949 in the 
regions covered was about 2:5 x 10° The individual regions 
range from areas to districts. 

The J.F.R.O. agreed to subdivide their attribution of causes 
of fires associated with electric wires and cables between defects 
in fixed wire and cable and defects in flexible wire and cable, 
and to supply the E.R.A. with the addresses of all premises within 
the defined regions at which fires attributed to the former cause 
occurred. This information was supplied on condition that it 
did not give rise to inquiries at the premises concerned. 

Thus initially the Boards provided information on numbers 
of consumers from which the age distribution of the installations 
covered could be estimated. Each month the J.F.R.O. provided 
lists of premises within the specified areas at which fires attributed 
to defects in fixed wires and cables had occurred. These were 
circulated to the Area Boards, which then indicated the dates at 
which supply had first been given at each premises. The Area 
Boards also generally indicated whether the fire had been 
reported to the Board and, where an inspection had been made 
by their officers, provided a copy or abstract of the resulting 
report. 

It is probable that the requirements of the survey imposed a 
bias towards installations formerly associated with municipal 
supply undertakings, and thus towards urban premises. For 
obvious reasons the London area was excluded from the survey. 

Collection of data was continued throughout the years 1951, 
1952 and 1953. 


(3) AGE DISTRIBUTION OF INSTALLATIONS COVERED 

Not all the Boards could state the total number of consumers 
at the end of each year back to the commencement of supply. 
The data could be divided into three groups going back respec- 
tively to 1927, to 1920, and to 1915 or earlier. In about 8% of 
the cases the data were insufficient for more than a rough check 
to confirm that they were more or less concordant with the 
remainder. The number of consumers at the end of each year 
back to 1927 could be obtained directly by the addition of data 
for the individual regions. In the earlier years, the proportionate 
rate of increase each year over the whole sample was taken to be 
the same as that of the group comprising all regions for which 
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Table 1 
NUMBER AND YEARLY INCREASE OF CONSUMERS COVERED BY 
THE SURVEY 


(ii) | (iii) 


Number of consumers 


at end of year Increase 


Actual In terms of 1949 


In terms of 1949 


° 
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* 
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* Total increase since beginning of supply. 


data were available. Table 1 gives, in column (ii), the resultant 
estimate of the total number of consumers in the area covered by 
the survey at the end of each year. The increase in the number 
of consumers between the beginning and end of each year is 
taken as the number of new installations connected in that year, 
and thus the number of installations of that year at risk. The 
date of accounting was not the same in every case, but no 
correction has been made for this. Column (iv) of Table 1 
shows the resultant estimate of the increase in the number of 
consumers, i.e. approximately the number of new installations, 
for each year from 1916 onwards, with the number of installations 
existing at the end of 1915. The information is perhaps more 
clearly presented in the histogram, Fig. 1. 

There are obvious weaknesses in the assumption that the 
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DECREASE 
FOR THIS YEAR 


INCREASE IN No.OF CONSUMERS , THOUSAND S 


i 
i 
BEFORE 1916 


INSTALLATIONS FIRST CONNECTED IN YEAR 


Fig. 1.—Annual increase in total number of consumers in region) 
covered, since 1916. 


| 
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| 
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increase in the number of consumers in any year represents « 
number of installations of that year now at risk. In any one yee 
some premises or installations must be destroyed, so the numd 
of new installations should be greater than the increase in al 
number of consumers. This fact is particuiarly evident in 7 q 
data for 1940 and 1941, when, from the effects of evacuation ari_ 
bombing, there was a decrease in the total number of consume: 
in the region covered or in parts of it. For the same reasoj 
the number of installations of a given year at risk must decreaz 
from year to year. No account has been taken of the fact th } 
some installations may have been rewired. Also, some install) 
tions do not strictly belong to a single year, since they have bee 
extended. Whilst it might be possible to take account of tr 


correspondingly necessary to ascertain whether defects in sua : 
installations had arisen in the original or the additional part 


possible, been credited to the date of the original installation | 
that premises. In a few cases a date of rewiring only has bee|- 
given; these installations have been credited to that year. | 
fact that these considerations have been neglected should gi) 
added significance to any correlation with age indicated 1 
the results. 
It appears possible to obtain much more precise statistics c|_ 


tion would be required, incurring inevitable delay, it was desir é 
to carry through the present survey on the simplest possible bas 


(4) SCOPE OF INFORMATION RECEIVED 

The total number of fires dealt with is indicated in Table || 
for the purposes of which the regions covered have bed 
divided into seven groups, each including not less than 10000) 
consumers. In general, a group comprises all the consume/ 
contributed by a single Area Board, but one group includes :| 
the consumers from two Area Boards and another tho 
from three. 


from 2-44 to 0-36, but the various groups maintained broadl 
consistent level, with the exception of Group E. ! 

To bring these data into perspective with those relating to ti 
whole country, Table 3 shows the incidence of fires (due | 
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Population 


Total number of fires in period 


Fires in premises connected 


after 


Table 2 


949 


Fires in premises connected 


before 1950 
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Fires in premises connected before 
1950, per year per 10000 premises 


1952 


1951-53 


1952 


1953 | 1951-53 


1952 


1951-53 


1952 1953 | 1951-53 
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Table 3 
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GENERAL STATISTICS ON INCIDENCE OF FIRES DUE TO DEFECTS IN FIXED WIRE AND CABLES 


J 


(iii) 


{Gv) 


Year 


1949 
1950 
1951 
1952 
1953 


| Group 


England and Wales 


Consumers at 
end of year 


Fires during year 


No. irons 
x 106 
153) DUK 1:97 
iet938 1 694 1:42 
12-229 2 186 1-78 
12-65 2268 ed 
13-10 2270 173) 


(v) (vi) (vii) (viii) (ix) (x) 
Scotland Northern Ireland 
Fires during year Fires during year 
eo re. at cons at 
end of year end of year 
Per 10000 Per 10000 

No. Conminets No. cousuniers 
x 106 x 106 
iL sPik 368* 3-04 0:22 40* 
S27) 206 1-62 0:23 56 
1-33 270 2°03 0:25 34 
1:38 236 leaf 0:26 68 
1-45 255 1-76 0-27 45 


* Includes an unknown number of fires due to faults in flexible leads to apparatus. In 1950 and 1951 these amounted to 264 and 166. 


Fires at premises with 


installations of known age 


Table 4 


SCOPE OF INFORMATION RECEIVED 


_ Fires at premises with 
installations of unknown age 


Fires with information 


Known age 


Unknown age 


Total fires reported 


defects in fixed wire and cable) per 10000 consumers per year, 
for England and Wales, Scotland, and Northern Ireland, for the 
years 1949-53 inclusive. The entries in columns (iii), (vi) and (ix) 
are abstracted from statistical analyses of reports of fires attended 
by fire-brigades in the United Kingdom. The numbers of fires 
are derived from random samples of all reports received from 


- fire-brigades. 
VoL. 103, Part A. 


‘ 


1953 


The proportions sampled were 1 in 2 in 1950 


1951 


and 1951, 1 in 4 in 1949 and 1952, and 1 in 5 in 1953. For this 
reason undue importance should not be attached to small 
differences between the entries, especially those for Scotland and 
Northern Ireland. The sample covered by the survey appears 
on the whole to have suffered rather more lightly from such fires 
than the remainder of the country. 

Table 4 shows the extent to which the information received 
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was complete. In the event, it was found possible to determine 
the dates of connection in only 72°% of the cases, figures for the 
various regions ranging from about 50% to nearly 100%. In 
60% of the cases information other than the date was provided, 
but in only 48° of cases were both date and additional informa- 
tion available. The nature of the additional information varied 
greatly, ranging from a fairly complete analysis to a mere state- 
ment that the fire was due to a fault in the wiring. 


(5) VARIATION OF INCIDENCE OF FIRES WITH AGE OF 
INSTALLATION 
Table 5 summarizes the data available on the distribution of 
fires amongst installations of various ages. 
Fig. 2 is a histogram showing how the 793 fires in cases where 
dates of connection are known are distributed amongst instalia- 


tions of various ages. 


In this diagram the ordinate at any year 


No. OF FIRES BETWEEN 1stJAN. 
1951 AND 31st.DEC.1953 


Fig. 2.—Distribution of fires amongst installations of various ages. 


Table 5 


aan 
MT 


BEFORE 1916 


INSTALLATIONS FIRST CONNECTED IN YEAR 


46 18'20'22'242628'3032'343638404244 46485052 


INCIDENCE OF FIRES DURING 1951, 1952 AND 1953 By YEAR OF INSTALLATION AFFECTED 


| 
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Number of fires Fires per 10000 installations 
Number 
Year : 
tea Ous 1951 1952 1953 1951-53 1951 1952 1953 1951-53 
x 104 

Before 1916 18-81 50 G7; DS 90 2:66 0:90 ili RD) 1:59 
1916 0-59 5 0 1 6 8-48 0:00 1O9/ 3-39 
1917 0:38 0 it 0 il 0:00 2-64 0:00 0:88 
1918 0:51 0 0 ] 1 0:00 0:00 1:96 0:65 
1919 1:92 8 1 5 14 Al7 0:52 2°61 2°43 
1920 2223 3 4 J 8 1-34 1°79 0:45 1-19 
1921 2°10 2 3 3 8 0:95 1-43 1°43 1:27 
1922 2:97 1 2 2 5 0:34 0-67 0:67 0:56 
1923 3°56 2 2 3 Th 0:56 0:56 0:85 0-69 
1924 4-02 10 10 8 28 2-49 2-49 1:99 Di3s2, 
1925 4-92 12 4 4 20 2-45 0-81 0-81 136 
1926 6-30 8 4 3 iS 1-27 0:63 0-48 0:79 
1927 5-94 14 3 3 20 2:36 0:51 0-51 0:13 
1928 9-07 4 10 3 20 0-77 1-10 0:33 0-73 
1929 8-74 5 7 6 18 0:57 0-80 0:69 0:69 
1930 10:05 i) 10 9 32 3.0) 0:99 0:89 1-06 
1931 12-30 10 10 19 39 0-81 0:81 1:55 1-06 
1932 11-71 9 14 16 39 Oni 1-19 ws 1-11 
1933 15-60 19 10 16 45 T22 1:64 1-03 0-96 
1934 16-22 13 14 16 43 0:80 0-86 0:99 0:88 
1935 15°53 19 14 9 42 1°22 0-90 0:58 0:90 
1936 18-09 15 8 9 32 0-83 0:44 0:50 0:59 
1937 16°17 18 8 5 31 ileal 0:50 0:31 0-64 
1938 15°73 16 5 11 32 1-02 0-32 0-70 0:68 
1939 10-21 Tl 9 6 22 0-68 0-88 0:59 0:72 
1940 —1:15 5 3 4 12 — — = a 
194] 1225) 1 1 1 3 — — — = 
1942 1-61 4 {| 1 6 2:48 0-62 0:62 1-2 
1943 1-69 2 3 1 6 1-18 1:78 0:59 tte 
1944 2-08 1 3 1 5 0:48 1-44 0-48 0-80 
1945 3-61 6 1 1 8 1-66 0-28 0-28 0- 
1946 8-73 9 9 10 28 1-03 0:13 1-15 oo 
1947 8-79 21 8 11 40 2°4 0:91 2S 1°52 
1948 7:35 10 1 8 19 1:36 0:14 1-09 0:86 
1949 7:88 10 6 4 20 1-27 0-76 0:51 0-85 
1950 — 4 5 3 — oss, 
1951 as 4 2 3 prion ine fs = a 
1952 = =e 5 2 7 a ES = zs 
1953 a at Se, 0 0 an =e ce a 


indicates the total number of fires occurring between Ist J anuary, 
1951, and 31st December, 1953, in the installations of that year 
‘within the sample. This information by itself is not of much 
significance. 
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_ Fig. 3.—Incidence of fires due to defects in fixed electrical equipment: 
ie variation with age of installation. 


Fig. 3 shows how the incidence of fires varied between the 
installations of different dates. The incidence over the years 
1951-53 for any one age-group is obtained by dividing the total 
’ number of fires corresponding to the particular age-group by 
three times the number of installations in that group. Thus the 
ordinate at each year indicates one third of the number of fires 
occurring between Ist January, 1951, and 31st December, 1953, 
per 10000 installations of that year. This is the information 
which the survey was primarily designed to provide. Installa- 
tions of the years 1940 and 1941 are left out of consideration 
because of the uncertainty noted above on the number of installa- 
tions of these years at risk. 

There is a very strong indication that for installations con- 
“nected before 1939 the incidence of fires is increasing with the 
age of installations; there is now a greater chance that an installa- 
tion connected in, say, 1925 will cause a fire in 1956 than that an 
installation connected in, say, 1938 will do so. The incidence 

for the relatively large class of pre-1916 installations appears 
surprisingly low, but this may well be due to a substantial over- 
estimate of the number at risk, by reason of the relatively large 
number of pre-1916 installations probably abandoned or com- 
pletely rewired since that year. 

__ The fire incidence for installations of the post-war years at first 
“seems surprisingly high. It is common knowledge, however, 
that the use in these years of new techniques in building con- 
struction and in installation practice introduced a number of new 
causes of fires. This is fully confirmed by the detailed information 
analysed below. 

_ It thus seems appropriate to consider the period 1916-39 as 
“one in which installation and building practice were stable, or 
‘at least developing uniformly, and to examine separately the 
experience with installations of these years. Marked on Fig. 4 
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Fig. 4.—Variation of incidence of fires with age, for years 1951, 1952 
; and 1953 separately. 


The lines plotted are those of best fit through the data for each year. 
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are the straight lines of best fit for the data corresponding to 
Fig. 3 on installations connected between 1916 and 1939, for 
the years 1951, 1952 and 1953, taken separately and for the whole 
period 1951-53. In each case the incidence of fires increases with 
the age of the installation, and indeed the data for the whole 
period suggest that during that period the risk of fire in any 
installation was directly proportional to its age measured from 
1951. It may be concluded that there is definite evidence that 
the older installations are more subject to fires than are the new, 
and indeed the data appear to indicate that the chance that a 
fire will occur in a given installation in a given year is about seven 
in a million for each year of its age. 


(6) RELIABILITY OF ATTRIBUTION 


In 658 out of the 1100 cases reported, information on the 
cause of the fire was available from reports made by the local 
supply authority. In 57 of these the attribution to electrical 
causes was disputed. Some such cases arising in 1951 were 
reviewed and it was found that one or two were motor-car fires 
included by an error in sorting; it is possible that a few similar 
cases arose in the following years. It is by no means to be 
assumed that attribution to electrical causes is definitely wrong 
in the remainder of the 57 disputed cases. In a smaller number 
of cases the electrical authorities suggested that the evidence was 
really insufficient to support definite attribution to electrical 
causes. Allowing that the fire authorities were correct in these, 
it appears that the assessment of electrical causes was correct 
in at least 601 cases, or roughly 90% of all those on which 
information is available. The distribution of disputed cases by 
groups and by years is given in Table 6. 


Table 6 


FIRES WITH ELECTRICAL ORIGIN DISPUTED BY ELECTRICAL 
AUTHORITIES 


1951-53 
Ase 5 
Biee — 
CAs 6 
Dia 1 
Bees — 
Bie. 7 
Gus 3 
Total 22 


All the 601 fires were attributed to defects in the fixed parts of 
the electrical installations. In the first year there were included 
7 attributed by the electrical authorities to defects in radio sets 
and their-flexible cords. Again error had arisen in sorting; fewer 
occurred in later years. A few cases were of fires due to over- 
heating of motors. It was not intended that these should be 
included, but the equipment was usually commercial, and thus, 
since 1t was possibly not connected through a socket outlet, 
legitimately regarded as fixed. Equally, a few fires due to defects 
in flexibles without a secondary cause in fixed wiring were 
included, but most of them legitimately, since the flexible cords 
were directly connected to the fixed installation (e.g. a pear switch 
connected to a ceiling rose) or were regarded as permanent (fixed 
to walls by staples, or laid under carpets). Although it is difficult 
to be precise on the matter it can be said that the attribution in 
this respect was correct in a very high percentage of cases. 
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Some of the occurrences are complex, and there are naturally 
a number of borderline cases. 

It is to be remembered that what is classed as a fire is an event 
giving rise to a call to the fire-brigade. Many such are quite 
trivial, and a few are not fires in any real sense of the word, but 
no analysis is possible on a basis of severity. 


(7) PARTICULAR SOURCES AND CAUSES OF FIRE 


Table 7 summarizes the detailed information provided. It 
has often been possible to distinguish either the class of equip- 


Table 7 


SUMMARY OF INFORMATION ON ORIGIN OF FIRES ATTRIBUTED TO 
ELECTRICAL CAUSES 


Number 


Cause without dates 


Reported electrical but disputed ae 57 
Defects in service equipment .. Eee 82 
Defects in fittings iS fe oe 121 
Defects in wiring oe oe a 264 
Loose connections a oe ai 44 
Unauthorized wiring, etc. .. Be 54 
Moisture ee 3.0 as aS 46 
‘Heat ae ts ne ate ai 


Defects in appliances AG Ae Zn 74 
Earth faults associated with gas 5 188 
Earth faults not associated with gas .. 27 


ment in which the defect causing a fire arose, or the class of 
defect, and in a few cases both. Satisfactory analysis is difficult 
because one, two or even more defects may contribute to a single 


4 


(7.1) Defects in Service Equipment 


The section of the investigation most easily handled, because) 
most complete information is available, is that relating to equip? 
ment owned by Area Boards. The Boards will naturally be) 
aware of all fires due to defects in their own property. Of tb 
whole set of 1100 fires reported, 82 were due to defects in service 
equipment. Although low, the proportion is perhaps greater 
than might have been expected, but it is to be remembered tha} 
a defect in service equipment is much more likely to cause a fir 
than is a defect in consumer’s equipment, because the protection 
will be less sensitive, and load and fault currents higher. 

Table 8 summarizes what information is available. The moss 
common cause of fires is the fuse. In the great majority o: 
cases the fire was due to direct generation of heat at the fault 
and in only a few to ignition of gas at a punctured composition), 
gas-pipe. One case worth special note illustrates a risk which | 
supply authorities accept when allowing the use of the servicg) 
cable sheath as an earth connection. The report in this case ii), 
as follows: 

“The lead sheath on the mains cable in the road burnt throug 
due to a fault at a service box and became ‘live.’ Due to thi ) 
fact that the lead sheath became open circuited from the eartt_ 
system the fault current passed through the consumer’s eart{ 
wire to a gas-pipe. The consumer’s installation was earthed i4 
the lead sheath of the service cable. Apart from damage to ccr 
sumer’s wiring, no actual damage occurred.” ; 1 

There are insufficient data for satisfactory examination of (ii 
effects of age on this class. Some influences are shown by iii 
diagrams of accumulated totals in Fig. 5, on which, to a base 
age in years, are plotted (a) the percentage of all installations les: 
than the indicated age at the end of 1949, and (4) the percentazy” 
of all fires which were in installations of less than the indicated 
age. The incidence of fires appears fairly uniform over all ages 


fire. Examples of a single cause are a loose connection or a_ except that it is rather high in installations between 15 a 
Table 8 . 
| 
ORIGIN AND TYPE OF DEFECTS IN SERVICE EQUIPMENT . 
Defects 
Number of fires caused | 
Type of equipment Total Leakage 
Loose . 
‘ Moisture Gas ji 
1951 1952 1953 ean Me (co RT Between | Unspecified | 
Fuse ae 6 14 6 26 5 1 — | 
Service cable ii 5 5 17 — —— 1 yi 3 — 
NEC it, Penh fo hg mn e 5 3 5 13 1 3 — 10 3 2 
Service tee-joint ie i — — 2. 2 — — _- 2) —_ 1 
Sealing chamber Ae 3 1 1 5 3 — 1 72 Zz — 
Service intake (overhead) 1 — 1 2 — — 1 3 —- 
Service wiring D 9 11 — — — 10 2 2 
Other 1 4 6 — — — » 2 pee, 
Motaew ee ce nie 25 24 33 82 9 4 3 50 17 5 


defect in insulation which draws enough energy to start a fire 
before it causes a fuse to blow. Such causes only enter properly 
into the present survey if they arise in fixed wiring or fittings. 
Two defects may combine, as when there is defective insulation 
to earth with an earth-continuity conductor touching a com- 
position gas-pipe, but otherwise adequately earthed by normal 
standards. Both defects are discussed below. Where in such a 
case the earthing is also inadequate three defects combine. The 
total number of defects discussed is thus considerably greater 
than the total number of cases on which there is information. 


21 years old, where 30% of the installations in this clad 
suffered 43 % of all fires, and in installations more than 33 yeaq 


old, where 7 


of all installations suffered 15° of all the fire 
The former observation might be explained if, for examp)) 
connection of d.c. services on any considerable scale had cease. 


am 


after 1928 and if a considerable proportion of those alreael 
connected had been changed over in the intervening period. 


(7.2) Defects in Fittings 
Of the 537 fires on which there is sufficient information 
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, Fig. 5.—Age distribution of fires due to defects in service equipment. 


(a) Number of installations of age less than abscissa, expressed a 
all installations. hes SSPE reutaee 1 


__ (6) Number of fires occurring in installations of age less than abscissa, expressed 
as percentage of all fires. 


‘enable the originating defect to be determined, 100 were due to 
‘defects in fittings other than those of the service at the premises. 
‘The term fittings naturally covers the wiring terminations 
-associated with the fittings. Table 9 gives analysis of these 100 
fires by class of fitting and type of defect, where known. 


ara 
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7% 


AGE OF INSTALLATIONS AT THE END OF 1949 (YEARS) 
Fig. 6.—Age distribution of fires due to defects in fittings. 


(a) Fires due to defects in fuses, fuseboards, distribution boards, control panels, etc. 
(6) Percentage of all installations. ! 


(c) Fires due to defects in fittings other than fuseboards, etc. 


including flexible cords from ceiling roses, etc. It is not at all clear 
how these defects were divided between the wiring proper and 
the terminations. Table 10 gives an analysis by types of wiring 
in which the defects arose, and the analysis might be useful 


were information available on the relative frequency of occurrence 
of the types. 


Table 9 


DEFECTS IN FITTINGS 


Nature of defect 


Totals 


Type of fitting Leakage 


Loose 


contact Between 


To earth lies 


Unspecified 


Fuse 


operation Unknown 


Moisture 


| Earth-leakage circuit-breaker 
| Splitter .. =e a 
| Switch ts 
Joint box .. 
| Lighting fitting 
_| Ceiling rose 
« Plug, socket en ee oh 
‘| Fuse, fuseboard, distribution 
| board, control unit, etc. 


_ The large number of fires (47) due to defects in the class 
embracing fuseboards, distribution boards, control panels and 
consumer’s units, attracts attention, as also does the large number 
of cases in this class due to bad contact. The age distribution 
of this group is of some interest. Fig. 6 displays separately the 
data for fuseboards, etc., fittings other than fuseboards, and all 
‘imstallations. 50°% of all fuseboard fires occurred in the 12% 
of installations connected after the end of 1945. This of course 
‘Mainly reflects the well-known fact that in the immediate post- 
‘war period, the tendency to substitute moulded plastics fuse 
carriers for ceramic ones led to some injudicious designs, and 
‘the increasing adoption of cartridge fuses sometimes gave rise 
to abuse by consumers in the form of makeshift replacements. 
The data for fittings other than fuseboards suggest a slight 
‘deterioration with age and no bad experience from post-war 
equipment; the 18°% of installations less than 10 years old have 
‘Suffered only 3% of fires. 


(7.3) Defects in Fixed Wiring 


~ In 210 fires out of the 537 in which judgment appeared possible, 
it seems probable that the primary cause was a defect in the fixed 
Wiring, excluding temporary and unauthorized wiring, but 
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Fig. 7.—Incidence of fires due to wiring defects: variation with age 
of installation. 


(a) Line of best fit, 1916-1939 inclusive. 
(6) Weighted line of best fit, 1916-1939 inclusive. 


Fig. 7 is a histogram showing the variation, with age, of the 
incidence of fires with defective wiring as the primary or only 
cause. Plotted on this histogram (a) is the mean line of best fit 


278 


GOSLAND: AGE AND THE INCIDENCE OF FIRES IN ELECTRICAL INSTALLATIONS 


Table 10 


Fires ASSOCIATED WITH DEFECTIVE WIRING ANALYSED BY TYPE OF WIRING 


| i Mixed 
ae m | vRiin | be and) ERS ein ee Coe = Total | 
Group | ands | YE | TRS. | Bare | condutt | ‘Conduit | AME, | “GES” |andommer | various [| | 
| 
A 1 17 4 2 18 1 0 2 2* 4 12 1 if | 
B 0 1 0 1 0 1 0 0 0 0 2 0 
C yD, q 18 0 19 6 6 6 0 3 6 0 73 
D 0 2 1 0 6 2, 1 0 @) 0 Sis 1 18 
E 0 1 0 0 10 1 @) 0 0) 0 6 1 19 
2 0 0 0 0 0) 12 1 21 
G 0 ‘ 3 . 1 4 0 10 
G 0) 4 0 0 1 0 0 0 0 
Total 3 38 23 3 56 11 u 8 2 8 47 4 210 


* One l.c.; one in conduit. 


for the period 1916-39 inclusive. As with installations in 
general, this line indicates that the risk of a fire due to defective 
wiring increases with the age of the installation. Considered in 
relation to the data for post-war installations, it would suggest 
also that, as with installations in general, post-war wiring perhaps 
gives rise to more trouble than would be expected from experience 
with older installations. To give a second view, curve (0), also 
plotted on Fig. 7, is the mean line of best fit weighted according 
to the frequency with which observation is possible, i.e. to the 
size of the sample in each year. This indicates a slightly less 
rapid increase of incidence with age, and gives a much less 
marked suggestion that post-war installations differ from pre- 
war ones. It is possible, of course, that an apparently high 
incidence of fires in new installations is due to the fact that a 
certain number of gross faults always occur during erection, and 
cause fires in the early years of installation life. 

A few of the defects in wiring were directly due to lack of 
mechanical protection—nails through t.r.s. cable, lead sheathing 
fractured by pressure of floor-boards, bare. v.r.-insulated service 
wiring fractured by the accidental dropping of a heavy object in 
the meter cupboard. Heat and damp are separately considered 
below. All the defects in fixed wiring appear, as might be expected, 
to be due to leakage: 25 of them appear to have been due to 
leakage between conductors, and 91 to leakage to earth; in the 
remaining cases judgment is not possible. 


(7.4) Unauthorized, Temporary and Amateur Wiring 


Out of the 537 fires in which judgment was possible, 54 were 
due to defects in wiring which was stated to be unauthorized, 
temporary, or amateur. This includes a number of cases where 
extensions in flex or v.r.-insulated cable were secured to com- 
position gas-pipes. The older installations might have been 
expected to give rise to more than their fair share of such fires, 
but the contrary is in fact the case; 23% of all fires from this 
cause in the 1916-49 sample occurred amongst the 17° of con- 
sumers, connected between the end of 1940 and the end of 1949, 
and two cases were noted in installations first connected in 1950. 

One or two fires due to amateur wiring originated in faulty 
joints. 


(7.5) Fires due to Defects in Appliances 


Of the fires reported 75 are known to have arisen primarily 
from defects in appliances or flexible cords beyond socket 
outlets. Of these, 14 were due to radio sets or radio-set cords, 
probably included by an error in sorting. Of the remaining 61, 
36 were due to contact between a gas-pipe and either an earth- 
continuity conductor carrying the earth-fault current from the 
defect in a portable appliance or its flexible cord, or a girder or 


water pipe, with which a faulty unearthed appliance was inf 
contact. Nine fires were due to overheating of motors, probabl: 
fixed, four to defects in immersion heaters, two to defects. itil) 
battery-charging equipment, and four to ignition of foodstudy 
or other material by cookers. A cooker to which no thermosia#- 
is fitted can, however, hardly be called defective if it causes 
fire by overheating when the oven is inadvertently left switches, 
to full heat. The remaining six cases probably originated sole! 
from defects in or abuse of portable equipment, with no secondari, 
cause in the fixed installation, and were thus wrongly classified. 


(7.6) Leakage to Gas-Pipes 


passage of earth-fault current to a gas-pipe and the consequery, 
ignition of gas. A few were due to the ignition of pockets of ga 

from leaky gas-pipes by arcing or sparking at a fault, and one « 
two to the ignition of a gas leak by the correct operation of a fuss” 


fault current, no purpose seems to be served by studying tf) 
primary cause. Again, in the majority of fires, the passage «| 
fault current was from an earth-continuity conductor to a gaj_ 
pipe, but a number were due to direct passage of current fron) 
faulty unearthed appliances or from defective flex or v.r. wil 
(usually but not always unauthorized extensions), to com 
position gas-pipes which they were touching or to which thal 
had been secured. 

Data relating to fires caused by gas are given in Table 1] 
Noteworthy is the number of cases in which the current passe] 
from the faulty appliance to the gas-pipe by a third conductcq : 
usually a water-pipe or structural steelwork. Undetermine| 
cases include those where gas is suspected but all evidence ha} 
been removed, those where gas-pipes clear of wiring or earti. 
continuity conductor or other metal work melted witho. 
obvious cause, and those where fires were due to contact betwee) 
radio earths and gas-pipes, and bell wiring and gas-pipes. The 
are one or two curious cases, such as a fire in 1951 in which tli} _ 
screw of a hook securing new composition gas-piping penetraid) 
the covering of a t.r.s. wire and one in which a screw securingg 
pendant, which must have been faulty, penetrated a compositid| 
gas-pipe. 

In a number of cases the adequacy of the earthing provisio} 
was tested after the fire. It should be mentioned that fires 
frequently be caused by the passage of fault current from : 
earth-continuity conductor to a gas-pipe even when the earthiii) 
provisions are satisfactory in that they permit the rapid operatial 
of a fuse on the occasion of a fault to the earth-continuil - 
conductor. , 
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Table 11 
__. DETAILED CAUSES OF FIRES ASSOCIATED WITH LEAKAGE TO 
GAS PIPES 
i 
1951 1952 1953 Total 
| Leakage to earth-continuity 61 35 3 133 
| conductor 
_| Wiring touched gas-pipe .. 10 3 2 15 
| Fuse blowing ignited gas | — 2 — 2D 
leak te 
Other or undetermined | 8 16 11 35 
| Total Se ae es 79 56 50 185 
-| Current carried to gas-pipe by water-pipe, girder, etc.* .. 25 
_| Contact between earth-continuity conductor and gas-pipe 
of a fortuitous nature... ie 6 a aA 119 
| Conduit or L.C.C. cable stated to be unearthed .. ne 2 
Earthing stated to be inadequate ae ae - 31 
Earthing lead broken or disconnected during repairs, 
earthing otherwise satisfactory aye & a3 5 
¥ Earthing stated and strongly presumed to be satisfactory, 
! in cases where leakage was to earth-continuity conductor 9 


hs Either from earth-continuity conductor or from faulty unearthed appliance 
i touching range, water-pipe, girder, etc. 
__ Ima large number of instances it has been possible to assess 
‘the nature of the contact between earth-continuity conductor and 
gas-pipe. In nearly all, the connection is described as “touched,” 
“in contact with” or “sparked” and the strong presumption is 
that the puncture of the gas-pipe (and the origin of the fire) was 
at the point of fortuitous contact. There appears, however, to be 
| a few cases in which the contact between the systems was robust, 
“and the gas-pipe melted elsewhere. One instance is noted of a 
‘fire due to contact between an earth-continuity conductor and 
an iron gas-pipe. 
It is useful to study the relation between fires due to gas and 
the age of installations, for a purely negative reason. Since fires 
associated with gas form a large proportion of the total, it might 
be suspected that apparent ageing indicated by the data as a 
whole is due to the greater possibility in older premises of the 
co-existence of electric installations and composition gas systems. 
If this were so the incidence of fires due to gas should show a 
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Fig. 8.—Incidence of fires due to electrical ignition of gas: variation 
with age of installation. 
Line of best fit, 1916-1939 is shown. 


‘marked increase with age. In fact the variation (see Fig. 8) is 
little, if any, greater than that for fires due to wiring defects, and 
less than that for fires as a whole. 


(7.7) Leakage due to Moisture or Heat 


It seems likely that at least 400 of the fires were started by 
leakage current, and in 46 cases the leakage was attributed to 


72S) 


moisture, mainly the damp condition of buildings, although 
there are a number of cases in which large quantities of water 
were involved, as by overflow of cisterns or burst pipes. The 
wiring was affected in 23 instances, fittings in 5 instances and 
service equipment in 17. The high proportion associated with 
service equipment possibly has some connection with the more 
thorough investigation likely in such cases. Included in the 
reports received were 20 on fires due to the inundations of 1953, 
but these are completely excluded from the survey except for 
their mention here. 

There were 7 cases where leakage was attributed to heat, 
usually where wires were taken through hot cupboards, or where 
heat-resisting cable was not used for connection to immersion 
heaters in lagged tanks. One or two additional cases were due to 
overloading of wiring, but these were remarkably few. 


(7.8) Defective Earthing ] 


All ignitions of gas from punctured or melted gas-pipes must 
in some way have been associated with faults to earth, and it is 
possible to determine that 133 of these were faults to an earth- 
continuity conductor. There are only 27 other cases in which a 
fire was definitely associable with leakage to an earth-continuity 
conductor or a metal sheath round conductors. Of these 27, 
there were three instances in which fire was caused by arcing at a 
defective bond in an earth-continuity conductor, and earthing 
was stated to be defective in a further eight instances, but it 
does not appear that it was so in the other 16. 

A similar situation arises with the fires attributed to gas. 
Table 11 shows that in nine of the 133 cases in which leakage 
was to an earth-continuity conductor the earthing was stated to 
be satisfactory, as against 58 in which it was stated to be defective. 
But the reports as a whole leave the impression (e.g. by the 
absence, where repairs are described, of references to rectification 
of earthing) that a large number of earth faults cause fires, even 
those involving gas, when the earthing provisions, except in 
relation to separation from other’ services, comply with wiring 
regulations. This impression was very strongly conveyed by 
reports from one particular district, and the point was raised with 
the authorities. The reply confirmed that in an area where the 
resistance to the general mass of the earth from the main earthing 
terminal is usually of the order of 0-75 ohm, tests carried out very 
shortly after such fires have resulted in a reading of 1 ohm or less 
for the resistance of the earth-continuity conductor between a 
point on the cable sheathing or conduit and the main earthing 
terminal. 


(7.9) Loose Contacts 


Forty-four fires were caused by loose contacts or connections. 
Of these nine were in service equipment, three in unauthorized 
wiring, and the remainder in fittings. Study of age distribution 
is not profitable because a considerable proportion of the last- 
mentioned group was associated with fuseboards and distribution 
boards, which are seriously affected by the post-war changes in 
practice referred to in Section 7.2. 


(8) DISCUSSION 

As regards the ageing of installations, the survey described 
does little beyond confirming the views of those with experience 
in the matter. On the present data there does appear to be a 
significant increase in the incidence of fires with age of installa- 
tions, but no indication of any significant departure from the 
linear rate. A more elaborate statistical attack is possible and 
could yield useful results, but this would preferably be based on 
a more accurate estimate than that available at present of the 
number of installations in each age group. With this, with 
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information on rewiring, and with an allocation of causes of fire 
as between the original and subsequent portions of installations 
which had been extended, very significant information could be 
obtained. It is possible that with some preliminary organization, 
the appropriate authorities could with little effort maintain a 
survey of this kind continuously in operation. It is important 
to determine whether there is an age at which risks begin to 
increase rapidly, since, if there is, a very large increase in the 
number of fires may be expected when the large numbers of 
installations of the 1930’s reach that age. 

The detailed information here presented is a by-product. As 
in the main investigation, there is probably little that does more 
than confirm present expert opinions. No single type of defect 
shows a particularly rapid increase with age. A stronger associa- 
tion might have been expected between fires and earthing which 
is defective because of excessive impedance. The fact that a large 
number of fires were due to leakage to composition gas-pipes 
was well known; it is perhaps surprising that so many such fires 
occur where the earthing is satisfactory except with respect to 
contact with gas-pipes. The large number of fires in which 
the damage was caused by a fortuitous contact probably of small 
current-carrying capacity raises again the question whether 
bonding might not be a more satisfactory solution than attempts 
at separation. There are, of course, a few cases where gas-pipes 
appear to have melted at a point remote from any contact with 
electrical requipment. 

The relatively large number of fires in service equipment 
probably indicates mainly the importance of sensitive protective 
equipment. 

The distribution of instances of defective wiring as between 
authorized (210) and unauthorized (54), calls for some comment, 
since it seems unlikely that 20% of all wiring falls in the un- 
authorized class. Thus, although at present unauthorized or 
amateur wiring does not seriously increase the overall incidence 
of fires, it must considerably increase the risk in those premises 
in which it exists. 

The information does bring out the very large number of types 
of equipment and of defects which can give rise to fire, and apart 
from gas-piping, there is no single one to which attack could be 
directed with the hope of an outstanding reduction in the number 
of fires. 


(9) CONCLUSIONS 
From this survey of the incidence of fires amongst about 
2-5 million consumers, mostly in urban areas, over the years 
1951-53, the following conclusions may be drawn: 


DISCUSSION BEFORE THE UTILIZATION SECTION, 19TH JANUARY, 1956 


Mr. S. J. Emerson: The statistical evidence in the paper 
indicates that there is a general increase in danger for installations 
over 10 years old, but the rate of increase, as disclosed by records 
of fires, does not seem to be alarming. I believe that the 
majority of installations in this country which were properly 
installed 10 years ago are in sound condition to-day. The author 
implies that insulation deterioration is liable to take place after 
about 10-15 years, but I believe that 25-30 years would probably 
be a more accurate estimation, although we have little evidence 
to support even this. 

An example of what can happen with an old neglected installa- 
tion (40-50 years old) occurred just after the war at a factory in 
the south of England, when a grain wharf was completely gutted 
by fire. Examination of a part of the installation undamaged 
by the fire revealed that vulcanized-rubber cables, protected in 
screwed tubing, had become brittle by age, and had so badly 
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(a) Information is available and is being regularly produced! 
which is likely, on complete analysis, to yield significant informa. 
tion on the ageing of electrical installations. 

(b) From the present rather crude analysis, it is evident that) 
for installations in existence at the end of 1939 there is a direct 
relation between fires due to defects in fixed electrical equipmen| 
and the age of installation. | 

(c) There is no clear evidence of any rapid increase in inci) 
dence of fires after any specific age limit is passed. The data 
at present available are insufficient to support a detailec; 
examination of this point. 

(d) The incidence of fires in installations more than ten year 
old is approximately proportional to age; the chance that ar 
installation will be subject to fire in a given year is about 7 in; 
million for each year of its age in that year. 

(ce) No one of the separate classes of defect which may cavs¥ 
a fire shows the effects of ageing to a more marked extent thay 
any other. | 

(f) Post-war installations have a fire risk greater than woul 
be expected from the experience with pre-war installations. T' 
is because of the unduly large number of fires associated wit) 
fuses, fuseboards, distribution boards, control units and the like|) 
probably mainly of early post-war design. 

(g) Contact between an earth-continuity conductor and 
composition gas-pipe is the most common secondary cause <{ 
fire. In a large proportion of such cases, the contact is 0: i} 
fortuitous nature and the gas-pipe is punctured at the point ¢{ 
contact. There appear to be few cases in which gas-piping 
melted remote from a point of sound contact. 

(h) Fires due to contact with gas-pipes occur even whe 
earthing is satisfactory in all respects except that of separatioy 
from other services. 

(j) In 25% of the fires due to leakage in service equipmeni 
the leakage was definitely attributed to moisture. 

(k) A number of separate causes of fire are discussed in tr) 
body of the report. 
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cracked that the insulation, when stripped of its perished out]: 
covering of cambric and cotton, resembled beads. 

The works had been closed down for the summer holiday} ” 
during which time it had rained consistently; the atmosphe) 
was very damp, and it is a reasonable assumption that the insuj) 
tion resistance in these conditions was low and that leaka: 
current was the cause of ignition. The dangers attendant | 
insulation deterioration and consequent earth leakage wel 
demonstrated by means of a h.v. ionization test set and a shaj 
length of the conduit and v.r. cable recovered from the won) 
after the fire. 

A number of similar fires have occurred in the past 25 yee 
in large mansions in various parts of the country, the cause bez 
the gradual deterioration of insulation, particularly at termitl 
tions at distribution fuse boards, ceiling roses, etc., and at joi) 
in the cables. The solution is not necessarily stripping out}! 


_the old wiring, much of which is as sound to-day as the day it 


_ was installed, but by carrying out a systematic examination 


t combined with a measurement of the earth leakage; this having 
_ been ascertained, steps can then be taken to effect an overall 


-improvement. A switch well suited to both factory and domestic 


Installations, which incorporates differential-current (core- 


balance) earth-leakage protection with all its advantages in 


, Safeguarding from electric, shock and risk of fire, is now readily 
_ available. 

. The Statistical evidence in the paper does not indicate very 
clearly just what factors contribute to the fire risk in fixed 


installations, and I should like the author’s views on this. 


have been investigated by the Factory Department, and of these 
only five were definitely found to be due to deterioration of 
insulation in old installations. My own experience is that the 
probable cause of fires with the older installations (over 40 years 
of age) in factories is deterioration of insulation, conduit and 
other protection of cables, particularly at terminations. Con- 
Sidering installations as a whole, both factory and domestic, the 
Factory Department records reveal that the fires are caused by 
badly damaged distribution boards, badly designed plugs and 
Sockets, leakage to gas pipes, flexible cables and the addition of 
} unauthorized extensions to installations by unskilled persons; 
perhaps the greatest number of these have been caused by work- 
shop. flex, twisted cotton-covered flex, so-called non-kinkable 
flex and asbestos-braided vulcanized-rubber-insulated flex. The 
_ more general use of tough-rubber-insulated circular flex in recent 
years has greatly reduced the fire hazard. 
I think that the great preponderance of fires in comparatively 
_hew installations, as disclosed by the statistics in the paper, can 
largely be attributed to the use of unsuitable cheap flexible cables 
_and the low standard of workmanship just after the war. 
In Section 8 the author refers to the relatively large number 
‘of fires in service equipment. From the statistics in the paper 
he is correct, but it is perhaps significant that in the past 20 years 
less than 100 fires in factories can be attributed to incoming 
service cable failures. 
_ Mr. P. M. Hollingsworth: It is notable that the survey has 
singled out some technical faults, such as defects in modern 
_fuse-boards, but for cables there is no indication of inferiority 
of any one system, and certainly no evidence of approaching 
‘catastrophe. 
_ Regarding individual characteristics of cable types, services 
are mainly paper-insulated metal-sheathed cables, the durability 
of which is traditional, indicating a life equivalent to that of the 
‘building. (Incidentally, while the author mentions domestic 
premises, he does not specifically exclude churches and other 
‘public buildings, or factories or business premises. Perhaps he 
will explain the scope of the paper in that respect.) 
Rubber-insulated cables constitute the bulk of the wiring types, 
‘and it is recognized that rubber compounds used prior to the 
1930’s, which did not contain anti-oxidants, are liable to perish 
‘and produce the effects to which Mr. Emerson referred. In the 
perished condition they are naturally much more susceptible to 
Moisture or movement and therefore present hazards depending 
‘On quality of installation and condition of building. With 
Modern compounds the durability of rubber-insulated cable has 
improved immeasurably, and durability is also a feature of 
Plastic types of insulation such as p.v.c., and still more of the 
Mineral-insulated cable. Some of these materials are fire resis- 
tant in themselves, but this is of secondary importance to 
electrical quality and mechanical strength, and to the workman- 
ship in the installation itself. 
The conduit system is probably still the most popular, using 
both p.v.c. and rubber cables. Cables with copper or aluminium 


During the post-war years approximately 1000 electrical fires 
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sheaths are gaining popularity for applications other than 
domestic, but the usage of lead-covered cable has declined; it 
is readily damaged and liable to sparking. The all-insulated 
system is free from risk of sparking but vulnerable to damage. 

There are one or two points in the paper which require clarifi- 
cation. Table 2 is stated to refer to a total of 1 100 fires attributed 
to defects in fixed electrical wire and cable. This is misleading, 
because Table 4 shows that the figure of 1 100 covers all electrical 
sources, and only in 658 was there specific information. Later 
in the paper the figure of 537 is referred to, and I gather that 
this is obtained by taking only those fires on which there is 
sufficient information to enable the originating defect to be 
determined; finally the author arrives at a figure of 210 fires 
attributable to fixed wiring and cables. On the basis that 10% 
of all fires are attributable to electrical causes, the data show that 
2-3 % of all fires are due to defects in fixed wiring, with perhaps 
less than half attributable to deterioration. 

With the advent during the past 20 years of improved insulants, 
deterioration as a factor in fire incidence seems likely to be even 
less important. 

Mr. R. A. Marryat: In considering this paper we should not 
overlook the fact that there has been a very considerable 
development in the scope of electrical installations since 1916. 
At that time the average installation was intended primarily for 
electric lighting; consequently the very early installations may 
not be quite so good as they would appear to be in the paper. 

It is interesting to note that, where distinction was possible, 
earth leakage caused 34 times as many fires as leakage between 
conductors. The author says that in only two cases were fires 
caused through overloading of conductors, but it may be that 
the cause of the earth leakage was deterioration of conductors 
due to overloading. Undoubtedly the earth-leakage troubles 
could be prevented by use of core-balance trips, and these would 
also take account of breaks in the neutral conductor which are 
so often associated with earth faults on the neutral. 

It is stated that 25°% of the fires about which there is relevant 
information were caused by leakage to gas pipes, although in 
most of these the earthing was found to be satisfactory. In 
Section 7.8 the author refers to the consumers’ earth resistance, 
but we must also consider the impedance of the supply sub- 
station electrode if we are to get all the relevant information. 
If this research is to be continued—as I hope that it will be—it 
would seem useful to take earth loop tests wherever possible 
after a fire has occurred. 

The paper indicates the need for careful segregation of the 
electrical services from gas services, but in practice this is not 
always easy. There are certain appliances on the market which 
combine electric motive power with gas heating; moreover, cases 
have been reported where, after completion of the electrical 
installation, the gas undertaking has installed gas pipes in contact 
with electrical conduits. The Institution’s Regulations for the 
Electrical Equipment of Buildings now permit bonding the two 
together, and it would be interesting to know whether any fires 
have occurred in installations where gas pipes are solidly bonded 
to the electrical conduits. 

I should be surprised if in many of the cases where the cause 
of a fire was unknown the reason was not the deterioration of 
flexible cords, especially in premises where there was not an 
adequate number of socket-outlets. The introduction of the 
ring circuit was, of course, intended to make it possible to provide 
a far greater number of socket-outlets in private dwelling houses 
without gteatly increased expense. I should like to see some 
effort made to compare the statistics of fires occurring in housing 
estates where the ring circuit has been generally adopted with 
those in estates built before the introduction of the ring-circuit 


regulations. 
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Mr. H. W. Swann: The paper establishes beyond reasonable 
doubt that there is a relation between fire risk and age and that 
there may be a critical age. 

Apart from the actuarial increase in fire risk and the cost to 
the community, if a really important installation were to give 
trouble and cause the destruction of a building such as Bucking- 
ham Palace or the headquarters of the T.U.C., an official inquiry 
might be set on foot which the electrical industry might find 
embarrassing. 

It is pleasing to note that there has been close co-operation 
between the E.R.A. and the Joint Fire Research Station. I hope 
that this will continue, because the latter is likely to be in a 
position to undertake more research on electrical fire causation 
during the next year. 

A number of technical institutions are training many people 
to take an interest in electrical work as a profession or to use 
electrical wiring and appliances in the course of their education 
for other technical activities. These people will naturally apply 
their knowledge, and if they can make a circuit work and produce 
light, drive a small motor or heat a water tank there is a great 
temptation to them to do it, especially at present-day costs of 
employing ‘competent and authorized persons’. 

Mr. D. I. Lawson: Within the next two decades we shall be 
relying increasingly on electrical power, owing to the deprecia- 
tion of our solid fuel resources. It is expected that over the 
next 20 years the electrical energy transmitted annually will be 
trebled, and this will undoubtedly mean an increase in the number 
of electrical fires. 

Fig. A relates the number of fires to the electrical energy 
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transmitted annually. It will be seen that over the period 
1947-52 the number of fires attributed to electrical causes and 
attended by the fire brigades has increased uniformly with the 
electrical energy transmitted per annum; the points for 1953 and 
1954 are known to lie on the same straight line. The figure for 
total electrical fires is made up of fires due to wire and cable 
and fires due to electrical apparatus. 

Wire and cable fires, so far as can be seen, are fairly indepen- 


GOSLAND: AGE AND THE INCIDENCE OF FIRES IN ELECTRICAL INSTALLATIONS: DISCUSSION | | 


dent of the amount of electrical energy transmitted, and. thiti 
would support the author’s contention that most of the fires aré’ 
due to leakage rather than to the overloading of electric cables: 
Fires due to electrical apparatus, on the other hand, are propor' 
tional to the electrical energy transmitted and amount to one = ii 
for every 10°kWh. From this cause alone the number ©; 
electrical fires during the next 20 years might be expected to bo 
trebled, reaching a figure of 18000 per annum. | 

The author has made the point that the susceptibility to fir 
is due to the age of the installation, so that the problem is bes) 
considered in terms of the number of installations and thj 
number of years for which they have been in service. At presen 
the circuits in use appear to have an aggregate age of 280000 00) 
installation-years, so that by 1975, unless a large amount 
replacement takes place, this figure will have increased tf) 
520000000 installation-years. This would mean that the fire 
due to wire and cable at present in service might be expectey 
to nearly double the present figure of 2400 per annum. ip 

These figures are disturbing, and undoubtedly the first measury, 
must be to find out more about the causes of these fires. Ti 
accumulation of such information and the devising of effectivy 
counter-measures will take time. The present survey is a verily 
good beginning to this work, which I am sure everyone will i) 
glad to see extended in the future. 

Mr. N. C. Strother Smith: There are factors other than @ 
which play their part and may have done so in the figures whicy” 
have been produced. It is quite possible that a well-maintained 
old installation may, in fact, be safer than a badly-maintainey 
new installation. If the question of age is dealt with entirely o% 
its own, I think that certain other aspects of the problem of (hi 
safety of electrical installations may be overlooked. 

All these fires which have been reported have a known caus3 
but there is a very large number of fires of which the cause | 
unknown. When the cause is known, it is a fairly reasonad) 
assumption that the damage was such that traces of the caus} 
were not destroyed. From this follows another possible assumy 
tion—that the installation was such that the spread of fire we 
in itself limited by the very nature of the installation. Tl . 
location of cable runs and of equipment may play its part: - 
some cases it may have been responsible for a large fire, and -| 
others for the fire being of negligible proportions. There ha) 
been little examination of the extent to which there has bee} 
a spread of fire. Undoubtedly there are many cases—they maj 
have been included in this survey—where the fire was confine] 
to the fuse-board. 

Many consumers would resent having to install earth-leakaj 
detectors, even if they could afford it. At the same time, I thin f 
that greater pressure should be brought to bear on the ordina: 
consumer to have his installation tested and checked thorough), 
at frequent intervals, because this will reveal, not only eart 
leakage and insulation failure, but perhaps any unofficial a 
unauthorized connections and amateur wiring and other daz 
gerous practices which could be discovered by the inspectors.) 

Mr. T. C. Gilbert: In Section 2 the author says that ‘Fi ' 
obvious reasons the London area was excluded from the surved 
I cannot see the obvious in this case, and should like the auth 
to explain this point. 

In Section 8 he says that there is no single defect ‘to w 

attack could be directed with the hope of an outstanding redu 
tion in the number of fires’, I suggest that, on the contra 
Table 10 provides in a very significant way an indication of t! 
direction to be pursued. It gives a sample of fires, and if} 
analyse the various systems which are listed there we find tk) 
metalclad wiring systems were responsible for nearly 80% |. 
them—lead-covered cables for 25 °%, vulcanized rubber in cond 

for 37%, and the remainder in mixed systems. It is reasona}| 
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,to assume that all the cases of contact with gas pipes were 
. due to contact with these exposed earth-continuity conductors. 
_ Not a single group of the six escaped a fire with lead-covered 
| cables, and only one with vulcanized rubber in conduit. I feel 
_ that this is an aspect of fire causation which the industry should 
| take seriously to heart, even if it means rejecting some long- 
cherished ideas of what provides a good wiring system. 
_ Allegations that electricity is a fire-raiser are, I think, unjusti- 
. fied; it is the installation which leads to the difficulties discussed 
in the paper. The paper confirms three ideas which I have held 
for many years. One is that an earth-continuity conductor 
_ should be treated as a conductor in its own right and not as a 
haphazard collection of iron, steel or lead. Furthermore, I 
think that an earth-continuity conductor should be regarded as 
a potentially live conductor, and therefore insulated against any 
extraneous contact. Thirdly, I think that we need to make a 
great deal more use of synthetic materials in cable insulation 
-and sheathing. In this way we should escape the difficulty of 
- the limited life of organic materials such as rubber, and probably 
prolong the life of our conductors very considerably. I feel that 
_if these simple modifications could be brought into more common 
use, especially in the domestic-installation field, we should 
“remove a great deal of the unjustified reproach which we now 
find levelled against electrical services. 
Mr. J. I. Bernard: I should like to comment on the question 
of fires which are in some way associated with gas, and more 
_ particularly on the topical question of a new washing machine 
in which. gas and electricity are associated in the same appliance. 
When the two services are brought together in this way, is it 
right to bond them together or to insulate the gas pipe from the 
electrical earth? The stock remedy for fixed installations is to 
bond gas pipes to conduits, in order to avoid fortuitous contact 
‘which might cause a spark and melting of a composition pipe. 
“Many fires have been caused in this way. But for portable 
appliances there is another consideration which may weigh more 
against bonding. It is not brought out in the paper, and I 
should like the author to deal with it. In my experience the 
_earth-continuity earth-loop resistance is lower through a gas pipe 
than through almost any electrical earth connection. Since 
current flowing through gas pipes is responsible for so many 
’ fires, it seems better to insulate the gas connection of a gas-heated 
electrically-driven washing machine. I should like the author's 
view. 
Mr. G. E. B. Brunner: Does the author consider that, if a 
further survey were made on the basis of detailed technical 
information, it would be possible to draw more definite con- 
clusions? If so, would it be feasible during a period of, say, 
“one or two years for Area Board engineers to attend immediately 
“at all premises involved in fires where Fire Service officers con- 
‘sidered that the outbreaks were due to electrical causes, and for 
those Area Board engineers to make systematic checks in 
‘accordance with a predetermined plan and to complete standard 
questionaries ? 
_ Mr. G. E. D. Redman: I cannot understand why it is impossible 
to get 100 years’ life from wiring by using mineral insulation, and 
am surprised that greater use is not made of mineral insulant 
instead of the organic material still employed to-day. 
In the next 20 years there will be a great increase in the number 
of fires presumably due to the failures of cables. During the 
past 20 years many millions of yards of mineral-insulated cable 
thas been used, and I feel sure that in the next 20 years those 
who use this material will play a great part in reducing the 
number of fires. This type of material, being inorganic, 1s more 
‘or less ageless; it is impervious to moisture when sealed, and 
‘because of its low-resistance copper sheath its earth continuity 


‘Is beyond reproach. 
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I am worried by the fact that hundreds of thousands of houses 
are being bought to-day by young married couples with a mort- 
gage spread over 20-25 years and wired with the cheapest 
material obtainable. By the time the owners have finished 
paying for the house they will have to pay for rewiring; and 
since neither screwed conduit nor mineral-insulated cable will 
have been used, this will necessitate a complete cable installation. 

Mr. M. Beamont: In using conduits as earth-continuity con- 
ductors, we in many fault cases connect a potential to a wide- 
spread metal system; I have known many cases where the earth 
connection has broken and a fault has led to electric shocks 
being obtained over a wide area. The answer might be to use 
an earth-continuity conductor insulated throughout its entire 
run, together with conduit systems which are incombustible and 
non-conducting, so that if there is a breakdown through faulty 
cable insulation the fault is confined within the conduit, thus 
reducing risk of fire and shock. 

Mr. C. J. Veness: I feel that if some of these fires were 
investigated, the blame could be attributed, not only to poor 
material, but also to very inferior workmanship. 

The time is fast coming when we shall have to introduce com- 
pulsory regulations. The registration of operatives and con- 
tractors would go a long way towards solving the problem, and 
surely cannot be delayed much longer. Does the author believe 
that any of these fires can be attributed to defective workmanship ? 

I was interested to learn that many fires result from the service 
coming into the installation, the blame for which falls on the 
supply authority. In the new Regulations the question of the 
impedance of the supply authority’s end of the earth loop has 
to be examined very carefully. The contractors and the Area 
Boards must get together and make sure that they comply with 
the relevant regulation in the 13th edition for limiting the 
impedance of the earth-loop circuit. In my view, the limitation 
of the earth-loop circuit impedance is very much in the hands 
of the Area Boards. 

Mr. F. C. Walmsley: Indifferent workmanship is inexcusable, 
and one feels that the number of incidents due to faulty con- 
nections can be attributed to this cause. Nevertheless, it is 
general experience that fittings design is not conducive to ease 
of wiring, and the inaccessibility and smallness of terminations 
leave much to be desired. It is appreciated that fittings and 
accessory manufacturers endeavour to strive for compactness, 
but ease of connection should be kept in mind. 

Mr. J. H. Mason (communicated): Some of the defects in 
service equipment may arise because these are often installed in 
consumers’ kitchens, where the humidity is high and water and 
hydrocarbon vapours (grease) condense on leads and fittings. 
Rubber is attacked by many hydrocarbons, and I have seen 
v.r. insulated leads between the mains supply and the Board’s 
meters and fuse-box which were covered in grease and com- 
pletely perished. These leads had been installed for about 15 
years. It may be inadvisable to install service equipment in 
kitchens or garages. 

Mr. L. C. Roberts (communicated): It is common experience 
that the likelihood of breakdown and fire in an electrical installa- 
tion grows as the age of the installation increases. The factors 
which influence the length of the safe life of an installation are 
many; some are inherent in the installation, such as the class of 
materials employed, the standard of workmanship and the fitness 
of the installation for the duties it has to perform. Other factors 
are the standard of maintenance (if any), conditions of operation, 
possible disturbances due to alterations or additions, and so on. 
All these variables are so important, and many so unpredictable, 
that any attempt to specify a figure for the safe life of a hypo- 
thetical average installation is a waste of time. 

The one inherent factor which can be expected to bear a direct 
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relationship to the age of a given installation is the deterioration 
and eventual breakdown of insulation; and even this may be 
largely influenced by such external conditions as heat and 
moisture, or by the overloading of the conductors. The dura- 
tion of the safe life of an installation is therefore impossible to 
forecast; it may remain safe for 50 years, or become dangerous 
at any time after its completion. 

The further investigations envisaged by the author would 
presumably be directed at determining the safe life of specific 
types of installation; but the variables involved would be so 
numerous, and the research would necessarily extend over so 
long a period, that the results would probably be of little value 


THE AUTHOR’S REPLY TO THE ABOVE DISCUSSION 


Mr. L. Gosland (in reply): It is first desirable to clear the 
questions of scope and interpretation raised by Mr. Hollings- 
worth, whose brief survey of cable types forms a valuable supple- 
ment to the paper. The data cover all fires reported to fire 
authorities, and thus include all classes of premises mentioned, 
although domestic were preponderant. Fires due to installations 
at more than 500 volts have been excluded. Table 2 correctly 
refers to 1100 fires attributed to fixed wire and cable by the fire 
authorities, who had information on all fires: the 658 fires 
analysed in Table 4 were those on which Area Boards supplied 
information to the author. Of 537 cases in which judgment is 
possible, 210 were due to the wiring itself. The reason for the 
exclusion of London, questioned by Mr. Gilbert, was the impos- 
sibility of taking account of widespread bomb damage in assessing 
the population at risk. 

The numerical data given in the discussion are of interest. 
Mr. Emerson suggests that, in his experience, the proportion of 
fires due to services is considerably lower than shown in the 
paper; but he records approximately 1000 fires due to all elec- 
trical causes in ten post-war years, and thus, in 20 years, pre- 
sumably less than 2000, of which less than 100 were due to 
services. These figures cannot be said to differ significantly from 
those in the paper, namely 82 service fires in 1 100 due to fixed 
wire and cable, and thus probably in 2500-3 000 due to all-elec- 
trical causes (Fig. A). Mr. Lawson’s correlations are striking. 
It is agreed that few fires are due to overloading, but had his 
data shown wire and cable fires to increase with energy trans- 
mitted, I would have disputed the contrary conclusion. The 
flat characteristic shown appears to contradict the main conclu- 
sion of the paper; however, it is possible that the incidence of 
1947-49 was seriously inflated by the early post-war experience, 
which is known to be abnormal. 

It is true that, as Mr. Marryat indicates, the evidence in the 
paper suggests much more trouble from earth leakage than from 
leakage between conductors, but the evidence must be regarded 
as suspect because, in general, leakage to earth is much more 
readily diagnosed than the other. The widely held opinion of 
the value of earth-leakage protection is acknowledged, but the 
evidence in support provided by the paper is not of the strongest. 
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on account of concurrent development of new materials and | 
new techniques; in the meantime, a large proportion of ther 
installations relevant to the investigations would in any case| 
have become obsolescent. 
Fires attributable to electrical causes will continue to occur} 
so long as the cheap and nasty electrical contractor remains wit 
us; so long as the way of the amateur handyman is made easy) 
by the ready supply of wiring and accessories for his use—or 
misuse; until architects and others come to appreciate the 
functions of the consulting engineer; and until the general pura 
realize that regular inspection and testing of an electrica 
installation, and proper maintenance, is a sound insurance. 


Similarly, Mr. Gilbert, in advocating (like Mr. Beaumont) thef 
elimination of metallic sheathing, can muster strong arguments4 
but, strictly, Table 10 of the paper does not provide him withip: 
evidence in support, unless he can make a satisfactory estimates 
of the proportions of the installations at risk which are respec: 
tively sheathed and unsheathed. I agree with Mr. Gilbert that), 
the number of gas-pipe fires indicates a point to which attackl 
could profitably be directed, but Mr. Redman would probabiy}- 
argue that the system he advocates also provides a remedy. 
On the question of bonding or insulation of the exposed metal- 
work of gas and electric services, raised by Mr. Marryat anc() 
Mr. Bernard, a few fires have been caused by gas pipes melting) 
away from any point of contact, and thus could have occurrecj 
with solid bonding; but the ascertained dangers of intermittea 
contact seem to justify serious study of all alternatives. As ‘/ 
portable appliances, the difficulty of maintaining earth continuity) 
may well be as great with flexible gas pipes as with flexible electrial 
supplies: thus it seems logical to isolate the flexible portions even} 
if the fixed portions are bonded. 
Mr. Swann’s acceptance of the main conclusion of the paper i} 
gratifying, but the evidence does not seem to disclose anything)” 
at which the electrical industry should be seriously embarrass 
Mr. Strother Smith and Mr. Roberts draw attention to th 
factors other than age which may affect installations. The tern, 
‘ageing’ is, of course, intended to cover not only chemicz). 
deterioration, but also any form of damage. The age paramete 
is capable of directing attention to a class of installation ii 
which there is a high probability that in some way deterioratio) 
has occurred. 
Mr. Mason and Mr. Walmsley make valuable points whicd 
might well be taken more strongly into account in standard 
and codes of practices. It seems possible that such factors a 
these are at least as common causes of fire as the simple ba/ 
workmanship to which Mr. Veness refers, but I have no satis 
factory basis for an opinion on this point. 
The survey described by the paper has been resumed, with az 
attempt to improve the liaison mentioned by Mr. Brunner. It 
hoped that the results will be somewhat more conclusive thay 
those of the present paper. 
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SUMMARY 
oy It is shown that the primary winding of a 3-phase induction motor, 
: having p poles, say, may be reconnected to constitute a 3p-pole winding 
_ of two or three symmetrical phase windings, the latter being little 
known and the former being a new type of pole-changing connection 
with considerable practical possibilities. Thus, a synchronous speed 
k of one-third the normal value is obtained. It is noted that reconnec- 
, tion as an mp-pole winding is possible, where n is any odd integer. 
__ It is shown also that the performance characteristics of the motor 
] for the 3p-pole connection can be deduced satisfactorily from the 
| 
: 


_ design data of the machine, and that the single machine can be designed 
to provide characteristics which are comparable with those provided 
by two separate single-speed machines of standard design. 

i Also—for the first time so far as the authors are aware—an attempt 
is made to predict the performance of an induction motor from design 
data when the performance is appreciably affected by the presence of 
pronounced space harmonics of m.m.f. A satisfactory prediction is 
made possible only when the parameters include the “skew leakage 
teactance’”’ component, which appears to have been ignored in the 
published work of this country. It is an important component of the 

_ unsaturated leakage reactance in the case of the harmonics of space 

_m.m.f., and an important component also in the case of the funda- 

mental space m.m.f. of a squirrel-cage induction motor having a 
full-pitch primary winding, and the customary degree of skew of 
the rotor bars. 


LIST OF PRINCIPAL SYMBOLS 


A, = Cross-sectional area of rotor bars, in?. 
A, = Cross-sectional area of end rings, in?. 
a = Angle of skew of rotor bars, electrical radians. 
%, = Angle of skew of rotor bars, mechanical radians. 
B = Flux density, gauss. 
B,, = Maximum flux density, gauss. 
_ B. = Maximum apparent flux density in core, kilogauss. 
_ 8B, = Maximum apparent flux density in teeth, kilogauss. 
___—- = Pitch of the stator coils, electrical radians. 
me «68 = Arc tan (sX,/R;). 
_- d = Diameter of air-gap, in. 
d, = Diameter of rotor, cm. 
_ d,; = Mean diameter of stator end windings, in. 
___ ad) = Mean diameter of rotor end windings, in. 
d, = Mean diameter of end rings, in. 
___ f = Supply frequency, c/s. 
g, = Effective air-gap length, in. 
_-h, = Depth of stator slot, in. 
6 = Acute angle between a stator coil end and the core. 
J, = Current per rotor bar, amp. 
K, = Distribution factor of primary winding. 
_ K, = Pitch factor of primary winding. 
 K. = Slot-leakage pitch factor. 


Ss 
K,,, = Skew factor of rotor bars, i.e. sin $a/e. 
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; = Ratio of total magnetizing m.m.f. to that expended 
across the air-gap per pole. 
1 = Core length, in. 
1, = Length of rotor core, cm. 
|, = Length of rotor bars, in. 
A, = Stator slot permeance, inch units. 
Ay = Rotor slot permeance, inch units. 
m = Number of primary phases. 
N = Number of primary conductors in series per phase. 
N, = Number of rotor bars. 
N, = Number of stator slots. 
P = Iron loss per primary phase, watts. 
p = Number of poles of primary field. 
q = Primary slots per pole per phase. 
R, = Effective resistance of rotor bar per centimetre length of 
core, ohms. 
R>, = Equivalent secondary resistance, in ohms, referred to 
primary, per phase. 
R,, = Magnetizing resistance per primary phase, ohms. 
r, = Ratio of stator effective tooth width to slot pitch. 
r> = Ratio of rotor effective tooth width to slot pitch. 
p, = Resistivity of rotor bars, ohms/in/in?. 
p. = Resistivity of end rings, ohms/in/in?. 
s = Fractional slip. 
5, = Fractional slip referred to fundamental rotating field of 
normal connection. 
ss = Fractional slip referred to 5th-harmonic rotating field of 
normal connection. 
5,, = Fractional slip referred to fundamental rotating field of 
triple-pole connection. 
5,3, = Fractional slip referred to 3rd-harmonic rotating field of 
triple-pole connection. 
T = Total torque on rotor, dyne-cm. 
T, = Torque per rotor bar, dyne-cm. 
T,, = Maximum torque on rotor, dyne-cm. 
fe imensec. 
u = Linear velocity of flux wave relative to rotor, cm/sec. 
V = E.MLE. per primary phase, volts, corresponding to B,. 
V, = E.M.F. per rotor bar, volts. 
v, = Volume of actual iron of core, in’. 
v, = Volume of actual iron of teeth, in’. 


X), = Effective reactance of rotor bar per centimetre length of 
core, ohms. 


X,, = Magnetizing reactance per phase, ohms. 

X,, = Overhang-leakage reactance per primary phase, ohms. 

X42 = Equivalent secondary overhang-leakage reactance, ohms, 

, referred to primary per phase. 

X,, = Primary slot-leakage reactance per phase, ohms. 

Xj. = Equivalent rotor slot-leakage reactance, ohms, referred 
to primary per phase. 

X42 = Equivalent rotor skew-leakage reactance, ohms, referred 
to primary per phase. 
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X,, = Zig-zag leakage reactance per primary phase, ohms. 

X,, = Equivalent zig-zag leakage reactance of rotor, ohms, 
referred to primary per phase. 

y = Displacement from zero position of flux wave at time 
zero, cm. 

Y>, = Axial distance from rotor core to centre of end- 
ring, in 

Z,, = Effective impedance of rotor bar per centimetre length 
of core, ohms. 


(1) INTRODUCTION 


The speed control of induction motors has received a great 
deal of attention, and various well-known methods have been 
evolved from time to time, all of which detract from the inherent 
simplicity of the motor to varying extents. The most recent is 
that of Williams and Laithwaite,! utilizing a new principle which 
may be of practical value in obtaining continuous speed control, 
above the normal speed, for a motor of very special construction. 

The present paper is concerned with a pole-changing method 
using a single winding to obtain two values of pole-number in 
the ratio of 3:1, although the method may be extended to 
obtain any pole-number ratio of m: 1, where n is odd. Creedy? 
has shown that various pole- number ratios can be obtained 
from a single winding by reconnecting it for various numbers 
of phases, the supply to which is obtained from a phase trans- 
former. Single windings can also be designed so that by 
reconnection it is possible to obtain pole number ratios of 2 : 1 
3.:2,4:3,5: 4, etc., when excited by a 3-phase supply at both 
speeds. However, up to the present, the pole-number ratio for 
a single winding has been restricted to 2 : 1 in practice,? since 
the use of a special transformer can be avoided in this case and 
the number of motor connections can be kept within reasonable 
limits. Barton and Doxey* have shown that the application of 
the Gorges phenomena affords an alternative method of obtain- 
ing a synchronous-speed ratio of 2:1 in slip-ring induction 
motors. In general, with all such methods, the arrangement 
conforming with accepted winding practice is the one which 
provides the higher speed, and thus the methods provide reduc- 
tion, rather than increase, in the normal speed of the motor. 

Applications exist where a synchronous-speed ratio greater 
than 2: 1 is desired, e.g. certain machine-tool drives and hoists 
and lifts, and the usual procedure has been to fit two separate 
windings of different pole-numbers. This scheme has the 
advantages of flexibility in the choice of speeds and a small 
number of motor terminals, but since two separate stator wind- 
ings are required, the labour costs are high and the motor must 
be derated considerably to provide the additional winding space 
as well as the compromise magnetic circuit of a two-speed 
machine. In place of dual-wound motors, two separate single- 
speed motors mounted in tandem are sometimes used, especially 
where the ratio of speeds is large and slip-ring control is required 
on one speed. Both schemes are therefore relatively expensive 
and result in a large moment of inertia—which on some drives 
may be a disadvantage. Brown and Butler> have shown that 
it is possible to obtain a synchronous-speed ratio of 3 : 1, using 
the simple zero-sequence connection. However, it is effectively 
a single-phase connection and therefore can provide neither a 
starting torque nor the normal full-load motoring torque without 
an increase in the size of the motor. 

The method of the present paper discusses a little-used 
principle,© namely balanced operation of the motor on a 
harmonic field produced by the interconnection of parts of 
each normal phase winding. Important practical applications 
of the principle exist and are discussed in a paper being prepared 
by the authors. The purpose of the present paper is to demon- 
state that a 3: 1 pole-changing motor can be designed to provide 
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a satisfactory overall performance, and to show that such a) 
motor need not necessarily be larger or more expensive than a 
single-speed motor for either speed. | 
(2) SUB-PHASE PRINCIPLES | 

It will be shown that each phase of a 3-phase winding com» 
prises two or more “‘sub-phases.”’ | 


(2.1) Phase Winding as Multiple Sub-Phase Windings 


In general, each phase winding of a 3-phase motor occupies » 
either one-third or two-thirds of each pole-pitch; i.e. each phase : 
winding has a spread of either 60° or 120°. Evidently, when the : 
winding has an integral number of slots per pole per phase of | 
q, say, each phase spread can be subdivided into qg equal ‘ ‘sub> 
phase” spreads of either 60°/g or 120°/g, respectively. Thus. , 
each phase winding of 60° or 120° spread can be subdivided inte » 
q sub-phase windings, successively displaced by 60°/g or 120°/q. } 
respectively, and having a spread of 60°/g or 120°/q, respectively. . 

In particular, if q is a multiple of 2, each phase winding can be ; 
subdivided into two sub-phase windings displaced by 30° or 60°, . 
respectively, and having a spread of 30° or 60°, respectively. . 
Similarly, if g is a multiple of 3, each phase winding can be sub- - 
divided into three sub-phase windings displaced by 20° or 40°, , 
respectively, and having a spread of 20° or 40°, respectively. 


(2.2) Symmetrical Sub-Phase Systems 


Let A, B and C in Fig. 1 represent the phase windings per 
double-pole pitch of a 3-phase motor for which the number ef 


ie Normal pole- pitch} 


! ! Ul 
A C Dieta C B 
‘ALA2A3} ‘Bl 'B2'B3; IC] C2iC3: 
Triple ‘pole ee . Pete 
wei EG | 
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0 ay HO ae | Fundamental phase angle 
te 3 ie ee lo 3 
Y hue : eee 0 Ae Triple-pole phase angle 


Fig. 1.—Division of normal into triple-pole winding phase spread. 


slots per pole per phase, g, is a multiple of 3 and the phase 
spread is 60°. Also, let the three sub-phase windings of any one 
phase winding be represented by the addition of the numerals 1,, 
2 and 3 to the letter representing the phase winding. Thus, fori 
example, the phase winding A comprises the sub-phase windings 
Al, A2 and A3 which are located in space by the electrical 
angular positions of 0°, 20° and 40°. Similarly, the sub-phase 
windings Bl, B2 and B3 are located in space by the electrical 
angular positions of 120°, 140° and 160°, whilst the sub-phase 
windings Cl, C2 and C3 are located at 240°, 260° and 280°. 

Obviously, the sub-phase windings Al, B1 and Cl comprise a 
symmetrical 3-phase winding which, when connected for zero-4_ 
sequence excitation, provides a 3rd-harmonic magnetic field} 
at the air-gap of the motor.5 Similar third-harmonic fields ared 
provided by the zero-sequence excitation of either of the sym- 
metrical 3-phase windings comprising the sub-phase windings 
A2, B2, C2, and A3, B3, C3, respectively. For convenience, let 
the separate zero-sequence connected 3-phase windings of A1, B1, 
Cl and A2, B2, C2 and A3, B3, C3 be referred to as the “3rd- 
harmonic windings,”’ and let them be represented more succinct] 
by ABCI, ABC2 and ABC3, respectively. 

It will be seen that the 3rd-harmonic windings ABC1, ABC2,| 
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and ABC3 are successively displaced electrically in space by 60° 
on the basis of one cycle of the 3rd-harmonic field occupying 


360° electrically in space, and have a phase spread of 60°. 
Further, if the 3rd-harmonic winding ABC2 is regarded as having 


‘its “start” and “finish” interchanged, the three windings are 


mutually displaced electrically in space by 120°. Thus, the 


' windings may be excited by a balanced 3-phase supply to provide 
a 3-phase 3rd-harmonic field which has a resultant m.m.f. having 


a constant peak magnitude equal to 1:5 times that of each 
winding and which rotates in space at a synchronous speed of 
one-third the normal synchronous speed of the motor. 
It may be noted that when the normal phase spread is 120°, 
instead of the 60° assumed above, the 3rd-harmonic windings 
have a phase spread of 120° on the basis of the 3rd-harmonic 
field, and they are then mutually displaced by 120° without inter- 
change of the “‘start” and “finish” of one of the 3rd-harmonic 
windings. 

Further, when the normal number of slots per pole per phase, 
q, is a multiple of 2, and the normal phase spread is 60°, a pair 
of 3rd-harmonic windings ABCI and ABC2 can be derived, 


each with a spread of 90° on the basis of the 3rd-harmonic field, 


and displaced from each other by 90° in space. Thus, the pair 
of 3rd-harmonic windings may be excited by a balanced 2-phase 
supply to provide a 2-phase 3rd-harmonic field which has a 


resultant m.m.f. having a constant peak magnitude equal to 
‘that. of each 3rd-harmonic winding, and which rotates in space 


at a synchronous speed of one-third the normal synchronous 


“speed of the motor. 


Also, when the normal number of slots per pole per phase is 
neither 2 nor 3, nor a multiple of these, it is still possible to 
obtain two or three sub-phases provided that the number of slots 


_ per pole per phase of the 3rd-harmonic or “‘triple-pole” connec- 
- tion, r, is a figure for which a balanced winding can be produced, 
_ as discussed in Section 11.1. 


In general, it may be noted that if each normal pole-pitch 
(Fig. 1) of a p-pole winding contains 3nr slots, where 1 is any 
‘odd number and r is any number, the coils may be connected 
‘such that a 3-phase, mp-pole winding having r slots per pole per 


‘phase is obtained. Alternatively, if each normal pole-pitch 


contains 2nr slots, a 2-phase np-pole winding having r slots per 
- pole per phase is obtained. 


ah 
z 


a ar 


og 


ey 


(2.3) Practical Examples 


In order to demonstrate more clearly the principle of recon- 
necting for triple-pole operation, two examples are described. 
The first, illustrated in Fig. 2, shows a connection for 3-phase 


3-phase supply 


3-phase supply 


(a) 


Fig. 2._Example of 3-phase p-pole to 3-phase 3p-pole connection. 


(a) 3-phase, p-poles. 
(b) 3-phase, 3p-poles. 


_ triple-pole operation. The winding is normally a delta-connected 


nt 


: 


ree 


- fully-pitched 3-phase winding with a 60° phase spread, and its 


phases are split into three sub-phases. For operation at one- 


| 
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third speed the sub-phases are connected in series for zero 
sequence as outlined above, and the triple-pole phases thus 
obtained are connected in star. A total of 14 terminals are 
required, and the mean flux density in the gap and teeth during 
triple-pole operation is approximately 170% of the flux density 
during normal operation. While this relationship appears to 
indicate an excessive variation in densities, it is shown in 
Section 11.2 that this ratio will give approximately equal peak 
torques for both speeds and does not necessarily require an 
increase in frame size beyond that required for a single-speed 
motor. It should be noted that the flux density in the stator and 
rotor cores during triple-pole operation is only about 56% of 
the normal core fiux density. 


3- phase supply 2- phase ee 


Fig. 3.—Example of 3-phase p-pole to 2-phase 3p-pole connection. 


(a) 3-phase, p-poles. 
(b) 2-phase, 3p-poles. 


The second example, illustrated in Fig. 3, shows a connection 
for 2-phase triple-pole operation, where the 2-phase supply is 
obtained from a Scott-connected transformer. The winding is 
fully-pitched and delta-connected, and has a phase spread of 60°. 
It is split into two sub-phases per phase. For triple-pole opera- 
tion, each of the two phasesconsists of three sub-phases connected 
in series. The Scott-connected transformer can, of course, be 
wound for any voltage but, in practice, the output voltage will 
be such as to give a triple-pole gap flux-density of 150-170% of 
the full-speed gap flux-density. For this scheme only nine motor 
terminals are required. 

It should be noted here that a short-chording with respect to 
the fundamental pole pitch of y° will result in a corresponding 
short-chording of 3y° for the triple-pole connection; i.e. a short- 
chording of 20°, resulting in a normal chording factor of 0-985, 
will correspond to a triple-pole chording of 60° and a chording 
factor of 0-866. 

Before proceeding with a more detailed theoretical discussion 
of the parameters involved in an analysis of the performance of 
the motor when connected for balanced triple-pole operation, 
it will be helpful to study actual test results of its performance. 


(3) NORMAL AND TRIPLE-POLE TEST RESULTS 


Two machines were tested, each being single-cage motors with 
the primary windings having a phase spread of 60°. The first 
machine had been designed for normal operation, without any 
attention to its performance as a triple-pole motor, and was 
representative of the class having more or less equa! equivalent 
secondary and primary resistances per phase when referred to, 
say, the primary circuit. The second machine was also one of 
standard design, except that a 4-pole winding was fitted to a 
standard 8-pole core having a larger stator bore and a greater 
number of stator and rotor slots than a standard 4-pole core, 
in order that a compromise magnetic loading could be obtained 
for normal and triple-pole operation. It was representative of 
the “‘high resistance rotor’’ class of machine. 
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Machine No. 1 was the 3-phase 4-pole 50c/s 7:5h.p. 400-volt 
squirrel-cage induction motor used by Brown and Butler.° The 
stator winding coils were full-pitch with a phase spread of 60° 
and fitted in a total of 36 slots, i.e. three slots per pole per phase. 

Machine No. 2 was a 3-phase 50c/s 400-volt squirrel-cage 
induction motor. The nominal continuous rating of the frame 
size, when fitted with a low-resistance rotor as an 8-pole machine, 
was 7:5h.p. The stator winding coils were full-pitch with a 
phase-spread of 60° and were fitted in a total of 48 slots, i.e. four 
slots per pole per phase. 

An induction regulator was used to provide a constant- 
voltage supply at 50c/s for the induction motor, which was 
direct-coupled to a separately-excited, d.c. machine. The latter 
provided a simple means of torque measurement, by the measure- 
ment of its armature current for a fixed field current, which is 
more convenient than, and as accurate as, the use of a dynamo- 
meter machine. 

A Ward Leonard set was utilized to give precise speed control 
of the d.c. machine and direct-coupled induction motor under 
test. A Scott-connected transformer was used to obtain a 
balanced 2-phase supply for triple-pole operation of machine 
No. 2. 

The current, power and torque were measured over the speed 
range 2000r.p.m. forwards to 2000r.p.m. backwards. The tests 
were performed at reduced voltage and current so that tempera- 
ture changes of the winding during a test could be neglected. It 
has been confirmed that results so obtained may be extrapolated 
to normal voltages with reasonable accuracy, provided that 
magnetic saturation is allowed for by the use of open-circuit and 
short-circuit characteristics, and bearing in mind that the effect 
of the harmonics may become less pronounced. 

The measured torque, power and current to speed charac- 
teristics of machine No. 1, when operated on its normal connec- 
tion at 187 volts per phase and when operated on the triple-pole 
connection at 87 volts per phase, are shown in Fig. 4. The 
voltages are such that the air-gap flux density for the triple-pole 
connection is about 34% higher than that for the normal con- 
nection; an increase that has been deduced experimentally to be 
about the maximum which can be used with this machine if 
undue saturation is to be avoided on the triple-pole connection 
when the voltages are extrapolated to the corresponding values 
of 400 and 187 volts per phase. It therefore follows that a step- 
down transformer would be required for the triple-pole connec- 
tion of this particular machine to the supply lines. 

Similar characteristics for machine No. 2 at 90 and 75 volts per 
phase, respectively, are shown in Fig. 5, the air-gap flux density 
for the triple-pole connection being then about 70% greater than 
that for the normal connection. Such a relative increase is 
possible since, in avoiding undue saturation of the stator core 
for the normal connection at full voltage, the air-gap flux density 
is somewhat lower than the customary value (see Section 11.2). 

Thus the characteristics provide a fair comparison of the 
performance of the two machines, although measured at reduced 
voltages, since they represent the relationship between normal 
performance and the best triple-pole performance that can be 
obtained in practice from each machine. 


(4) DISCUSSION OF RESULTS 


Fig. 4 shows that the peak torque of machine No. 1 for triple- 
pole operation is approximately 50% of that for normal opera- 
tion. This is appreciably better than the theoretical figure of 
33°3% (as discussed in Section 11.2), owing to the increased 
magnetic loading for triple-pole operation. 

However, it should be pointed out that, by suitable design, 
it is possible to obtain a compromise magnetic circuit between the 
ideals for a p- and a 3p-pole motor. This involves the use of a 
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Fig. 4.—Normal and triple-pole characteristics of machine No. 1. 


Normal characteristics at 187 volts/phase; triple-pole characteristics at 
86-6 volts/phase. 
(a) Torque/speed curves. 
put-power/speed curves 
Phase-current/speed curves 


larger stator bore and a larger number of stator and rotor slot} 
than the standard for a p-pole motor, resulting in a smaller statod 
core depth than is usual in a p-pole motor. The stator-cor: 
flux density therefore becomes the limiting factor during full) 
speed operation. As a result of this, the air-gap and teeth flu) 
density during full-speed operation wil! be less than usual. Th 
peak torque will, however, not necessarily be smaller than usuak 
because of the larger diameter and the reduced leakage reactanc¢ 
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Fig. 5.—Normal and triple-pole characteristics of machine No. 2. 
_ Normal characteristics at 90 volts/phase; triple-pole characteristics at 75 volts/phase. 
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due to the larger number of slots. During triple-pole operation, 
the limiting factor is the flux density in the air-gap and the stator 
and rotor teeth, while the flux density in the cores is relatively low 
and unimportant. As has been pointed out above, the full-speed 
air-gap flux density with a compromise design will be less than 
the permissible maximum value and it is therefore possible to 
increase the air-gap flux density during triple-pole operation. 
Section 11.2 shows that the peak torque, for a given lamina- 
tion, varies approximately as the square of the air-gap flux 
density and inversely as the number of poles. If it is possible to 
increase the triple-pole air-gap flux density to about 1-7 times the 
full-speed air-gap flux density, the same peak torque should be 
obtained at either pole-number. 

Fig. 5 shows that the use of a compromise design, i.e. a 
standard 2p-pole core-plate coupled with the required varia- 
tion of air-gap flux densities, can result in a 3p : p pole-changing 
motor providing the same peak torque at either pole-number. 
This is a most encouraging result, particularly since the full-speed 
peak torque is not much less than it would be on a standard p-pole 
design with normal air-gap densities, owing to the larger stator 
bore and the increased number of rotor and stator slots. Typical 
values of the ratio of outside core-diameter to stator bore are 
given by Kuhlman’ and can be used as a guide to help in choosing 
a suitable stator bore for a compromise design. 

It will be seen that the torque/speed curves in Figs. 4 and 5 
do not take the usual theoretical form. However, they are not 
unusual in practice for squirrel-cage induction motors, except 
for the somewhat large harmonic effects resulting from the use 
of full-pitch windings. They are in close agreement with the 
theoretical deduction of Section 11.2, that the separate triple- 
pole and normal curves are of the same form, except for different 
effects of higher harmonics in each case due to the difference in 
winding factor for the stator and skew factor for the rotor. 

With regard to starting torques and currents, and making 
allowance for the step-down transformer of machine No. 1, the 
triple-pole starting torque and line current are about 50% and 
30% respectively, of those for the normal connection. In the 
case of machine No. 2, and making allowance for the Scott- 
connected transformer, the triple-pole starting torque and line 
currents are about 100% and 40%, respectively, of those for 
the normal connection. It follows that the starting conditions 
may be improved by direct-on-line starting with the triple-pole, 
rather than the normal, winding connection. 

It follows that the compromise design, using a 2p-pole core 
plate for the 3p: p pole-changing motor results in an overall 
performance which is comparable with the performance of two 
separate single-speed designs for 3p- and p-poles. However, for 
constant-torque drives, the need for providing a compromise 
magnetic circuit may necessitate a slight increase in frame size 
beyond that of either of the two equivalent standard single-speed 
motors. 


(5) PREDICTION AND COMPARISON OF NORMAL AND 
TRIPLE-POLE PARAMETERS 

The results obtained with machine No. 2 demonstrate the 
advantages obtained by the use of a design which is a compromise 
between the high- and low-speed requirements. Further assis- 
tance in obtaining the best compromise is afforded by the 
availability of expressions for both the normal and triple-pole 
parameters, since the effect of detailed changes in design on the 
overall performance of both connections can then be more 
readily assessed. 

It is therefore proposed to set down in turn known or deduced 
expressions for determining the parameters from the design data, 
and to comment briefly upon the relative values of the normal 
and triple-pole parameters. 
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The expressions for leakage reactance were taken from a 
readily available source’ and rearranged so as to show most 
clearly the influence of various factors on the motor performance 
at either pole-number. No attempt has been made to correct 
for saturation of the leakage paths, which materially reduces the 
zig-zag, slot-tip and skew leakage reactances during high current 
loadings. Since all tests were taken at low voltages, where the 
saturation effect is negligible, this aspect of induction-motor 
performance should cause no discrepancies between calculated 
and tested results. 


(5.1) Secondary Impedance referred to the Primary 


Consideration will be restricted to the case of a squirrel-cage 
machine in expressing the secondary values as equivalent primary 
values per phase. 


(5.1.1) Equivalent Secondary Resistance. 


The best expression for the equivalent secondary resistance,? in 
ohms, is 


R m me) 
PO K 


Pols pet, 1 (1) 
N,A, NA, 2sin2(mp/2N,) | © 


It should be noted that a simpler and more widely used 
expression exists,!° which replaces the trigonometrical term by 
0-64d,p./p2A,. This expression assumes a large number of 
slots per pole, and may therefore result in error when calculating 
triple-pole performance or the effect of harmonics. Since the 
error is confined to the term relating to the equivalent end-ring 
resistance, and since this varies approximately inversely as the 
square of the number of poles, the total error introduced by 
using the simplified equation is not very great unless the end-ring 
component of the effective resistance per bar is relatively large. 

Thus, R, will differ for triple-pole and normal operation due 
to the differences in K,, Ky, K,,, p and possibly m and N. 


(5.1.2) Equivalent Slot-Leakage Reactance. 
The equivalent slot-leakage reactance, in ohms, is 
_ 2fmAg Cee 2 
oo tO) nN ark 


(2) 


Thus, X,2 will differ for triple-pole and normal operation 
owing to the differences in K,, Ky, K,, and possibly m and N. 


(5.1.3) Equivalent Overhang-Leakage Reactance. 


Numerous formulae, more or less empirical, have been pro- 
posed for the calculation of overhang-leakage reactance. The 
following expression, based upon a detailed mathematical 
analysis, and therefore of most general application, has recently 
been derived by Alger!! for the total overhang-leakage reactance, 
referred to the primary winding, per phase. 


4-6 fmd,N2 


Xx = 
0 108p2 


(ab +0-93cK2) . . . @) 


where a =(y — sin y) (tan 6)/z 


b = 1 — (0-8d,/d,)r!2 


14d, d 0-54d 
== x log ( ) 
h, d, R 


R = [Gd, — 44)? + (¥, — YQ?) 


d 
Y, = tan? tan (x) 
Dp 4 


c = log 
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the logarithms being to the base 10. As recommended by Alger, iH 
the equivalent overhang-leakage reactance of the secondar 
winding will be taken as | 


Xn =4X, 


Oo 


Thus X,. will differ for triple- -pole and normal operation due ti 
the differences in p, K,, y, and possibly m and N. | 


(5.1.4) Equivalent Zig-Zag Leakage Reactance. | 
One of the equations given by Alger!2 for the equivalet 

zig-zag leakage reactance, in ohms, may be rewritten as | 

5:-25fmadl sey 
108g, \ N, 


Thus, X,. may differ for triple-pole and normal operation di 


to the possible differences in m and N. | 


1. 
H 


X72 = 


(5.1.5) Equivalent Skew-Leakage Reactance. 
The equivalent skew-leakage reactance, in ohms, is given Lf 
Alger,!3 and may be rewritten as 


x 0-133 fmadl 


Sk2i = 08x ke PANS Ki). ». % 2a | 


Thus, X,,2 will differ for triple-pole and normal operatic 
owing to the differences in K,, Ky and possibly m and N. 


(5.2) The Magnetizing Impedance 


(5.2.1) The Magnetizing Reactance. 
The magnetizing reactance, in ohms, is given by Alger!4 as 


6:4 fmdl Nikko? d 
% ~ 108xkg ‘f p "Sane 


Thus, the triple-pole reactance is approximately one-ninth tj 
normal reactance, depending upon the appropriate values 
K, and K, for the case of constant m and N. | 

At should be noted that even with very low flux densities, tt) 
factor k; is appreciably greater than unity for machines havuil, 
a small air-gap length. 


(5.2.2) The Magnetizing Resistance. j 
The iron loss, in watts per phase, at 50c/s is given by Carr!4'}) 


= (0-059B2y, + 0-082B2u,)/m 


hysteresis loop is applicable in each case for the same maximul 
flux density. Thus, the effective angle of lag of the flux dens3 
behind the magnetizing force is the same in each case; i.e. t} 
ratio of the magnetizing resistance to the magnetizing reacta 
is the same for both normal and triple-pole operation, for ¢# 
same maximum flux density. Further, it may be deduced fre 
the work of Butler and Mang!® that the maximum flux dens4 


with the magnetizing reactance per phase may be taken, 
ohms, as 


since, in general, X,, > R,,. 
It will therefore be seen that both the triple-pole resistan 
and reactance, and consequently the impedance, are apprc( 


aately 1/9 times the values for normal operation, depending 
pon the appropriate values of K, and K,, for the case of 
onstant m. 


(5.3) Primary Impedance per Phase 
ce) Primary Resistance. 
_ The primary resistance per phase is readily obtained and will 
liffer for normal and triple-pole operation only if there is a 
lifference in the number of conductors in series per phase arising 
rom a difference in the number of phases or the use of different 
tumbers of parallel circuits per phase. 


5.3.2) Slot-Leakage Reactance. 
_ The slot-leakage reactance per phase, in ohms, is 


2fmN2 

Xy = “tan Koha pe en) a (9) 
where K, is the slot-leakage pitch factor as evaluated by Alger.!7 
Thus, X,, will differ for normal and triple-pole operation if 
he number of phases differ for the two cases. It should be 
‘urther noted that, unless the coils are fully-pitched, the value of 
K, is different for the normal and triple-pole connections. When 
‘ull-pitch coils are used, K, is unity in both cases. 


6 .3.3). Overhang-Leakage Reactance. 
_ As recommended by Alger,'! the overhang-leakage reactance, 
in ohms per phase, may be taken as 

A = Aon sg 


oO 


(10) 


where X, is given by eqn. (3). 
Thus, X,, will differ for triple-pole and normal operation in 
the same way as X,2, as discussed in Section 5.1.3. 


(5.3.4) Zig-Zag Leakage Reactance. 


One of the equations given by Alger!? for the zig-zag leakage 
reactance per phase, in ohms, may be rewritten as 


X, = 5°25fmdlK,(Nr,|N,)2/108¢, dy) 


Thus, X,, may differ for triple-pole and normal operation 
owing to the possible changes in mand N. Again it should be 
noted that, when the coils are not full-pitch, the effective values 
of X,, will be somewhat different for normal and triple-pole 
connection, owing to a difference in the value of K,. 


(6) PREDICTION OF PERFORMANCE CHARACTERISTICS 
The above expressions for the triple-pole and normal para- 
meters have been used to predict the performance of machine 
No. 2. Account was taken of the pronounced fifth space- 
harmonic of air-gap m.m.f. present on normal operation, by 
including its equivalent circuit in series with that of the funda- 
mental space harmonic,!8 and similarly for the third space- 
harmonic on 2-phase triple-pole operation (see Big 7) 5) the 
expressions in Section 5 refer to the parameters of the funda- 
mental circuits for triple-pole and normal operation. The 
expressions applicable to the magnetizing and secondary circuits 
may also be utilized to calculate the parameters of a harmonic 
circuit by using the appropriate value of pole-number and 
quantities dependent upon the pole-number. It should be noted 
that the harmonic overhang-leakage reactance of the secondary 
Winding may be evaluated from the fundamental value, in the 
case of a squirrel-cage motor, by considering that it varies 
inversely as the square of the order of the harmonic. 
_ The relevant design details of machine No. 2 are given in 
Table 1 and Fig. 6, and Table 2 gives the values of the normal 
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48 slots 


64 slots 


4°875" 


(2) 
Fig. 6.—Details of stator and rotor slots, and rotor end-winding. 


(a) Stator and rotor slots. 
(6) Rotor bar and end-ring. 


24 j455 j4-96 3-6 


55°58 


j5-92 


j0-225 


Fig. 7.—Equivalent circuits. 


(a) Normal connection. 
(b) Triple-pole connection. 


and its 5th’ harmonic, as well as the triple-pole and its 3rd-har- 
monic components of the parameters. Thus, the equivalent 
circuits for normal and triple-pole operation, respectively, with 
the predicted values of the parameters, may be shown as in 
Figs. 7(a) and 7(b) in which the fractional slips s,, 55, 5,,, 5,3 are 
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Table 1 
DESIGN DETAILS OF MACHINE No. 2 


Cee ee mean 


Stator Rotor 
Type of winding yA Lattice Squirrel cage 
Number of slots 38 re | 48 64 
Pitch of coil .. : Full 
Slot skew , Pa Ae None 1 stator slot 
Conductors in series per 640 1 

phase 

Conductor size 0:064in 0-37in x 0-17in 
Conductor section 0-003 22 in2 0-061 in? 
Length of M.H.T. 15-5in 
Bar effective length .. 6:24in 
Resistivity at 75°C .. 0-825 3 


microhms/in/in2 | microhms/in/in2 


End-ring size. . ae a 250-25 

End-ring resistivity at 20°C 0:68 
microhms/in/in2 

End-ring mean diameter 6:9in 

Gross core length 4in 4in 

Net core length 4in 4in 

Net iron length 3-6in 3-6in 


referred to the normal, 5th-harmonic, triple-pole and triple-pole 
3rd-harmonic synchronous speeds, respectively. The winding 
resistances are based upon a temperature of 50°C. 

The performance characteristics calculated from Fig. 7(@) for 
a supply voltage of 90 volts are shown as continuous curves 
in Fig. 8. Also those calculated from Fig. 7(b) for a supply 


pats 
= oY , Triple-pole \ Normal 
° A 25 ! connection connection 
a ne) 
pps = 
5 
be 
2000 1500 1000 500 2000 
Speed , r.p.m. i | 
= | 
\ wae 
= 


i ee 


“Sig eee 
i L/ 
= 3 

(a) 


Table 2 


ESTIMATED VALUES OF VARIOUS COMPONENTS OF FUNDAMENT/ 
AND HARMONIC PARAMETERS, IN OHMS, FOR NORMAL A® 
TrIPLE-POLE CONNECTIONS OF MACHINE No. 2 


Normal Triple-pole 


Fundamental 


7:65 
1-44 


5th harmonic 


0-272 
0-051 
0-049 
0-044 
0-081 
(eer) 


Fundamental 


bh 
° 
on 
NAIR 
Om x1 N00 


NONWUNNN 
Roh OWS 


RAADARARYW 
cooCcoON 


as 


voltage of 75 volts are shown as continuous curves in Fig. | 
It will be seen that reasonable agreement is obtained between t) 
predicted and test results of current and input power for bay 
the normal and triple-pole connections of the motor, but 4 
predicted and test results of the torque/speed characteristics é| 
not in such close agreement. The predicted results will be se 
what in error because the 7th and other harmonics and 1), 
variation of rotor resistance and leakage reactance with fj 


connection 


Phase current, 


° 
Triple-pole 
connection 
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0 \ 
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Fig. 8.—Predicted and measured characteristics of machine No. 2. 


Normal characteristics at 90 vol{s/phase. 
(a) Torqgue/speed characteristics. 
Normal: calculated 
Normal: experimental x 
Triple-pole: calculated —i——: 
Triple-pole: experimental @ 


Triple-pole characteristics at 75 volts/phase. 


(6) Predicted total input power 
Predicted phase currents 
Normal measured current Ns 
Triple-pole measured current 6) 
Normal measured power cal 
Triple-pole measured power A 
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quency are ignored. The measured torque curve indicates that 
the effect of the neglected harmonics is small. Also, calculations 
show that the effect of variation of rotor frequency is small, 
Owing to the use of shallow bars of high resistivity. 
| The difference between the measured and predicted torque/ 
‘speed curves suggests that it arises mainly from ignoring the 
“stray loss’ torque. The latter is of the order of magnitude to be 
expected i ina squirrel- -cage machine, and obeys approximately the 
Mpirical rule given by Morgan, Brown and Schumer,!9 i.e. that 
the stray-loss power is proportional to the square of the product 
‘of the motor speed and current: 


o COMPARISON OF RATINGS OF SINGLE-SPEED AND 
SINGLE-WINDING DUAL-SPEED MOTORS 

j A general-purpose motor of the same frame size as the experi- 
‘mental machine No. 2 has a continuous rating of 3 and 15h.p. for 
operation as a 12- and 4-pole motor, respectively. As a single- 
winding 3:1 pole-changing motor, the air-gap flux density can 
‘be so arranged that, with the same frame size as previously, the 
‘continuous ratings are, respectively, 3 and 12h.p. Alternatively, 
for a constant-torque drive the continuous ratings would be 3 
and 9h.p. respectively. In both cases the temperature rise would 
‘not exceed that permitted by the relevant British Standard. 

It should be borne in mind that the range of pole-numbers for 
‘the more economical designs of single-speed motor is somewhat 
limited, and the lower and upper limits of the range tend to 
imcrease with the frame size. Thus, when two single-speed 
motors are required to provide the same torque at speeds in the 
ratio of 3 : 1, the frame size of one motor may need to be con- 
siderably larger than that of the other. In this case, the larger 
frame size will usually be sufficient for the dual-speed machine 
to provide the same alternative outputs as those provided by the 
‘two separate single-speed motors. 

It will be appreciated that a dual-speed machine utilizing a 
compromise magnetic circuit cannot provide performance charac- 
teristics which are identical with those of the corresponding two 
single-speed motors. In particular, at the higher speed of the 
pole-changing machine the power factor is greater than that of 

_the corresponding single-speed motor, owing to the use of a flux 

_ density in the air-gap which is lower than normal. However, at 

_the lower speed the reverse is the case, since the air-gap is longer 

_than normal to permit satisfactory operation of the pole-changing 
machine at the higher speed. 

It is of interest to note that, in discussing the 3 : 1, 3-phase-to- 
3-phase single-winding pole-changing motor, Sequenz® considers 
that it is essential to maintain the same value of air-gap flux 

density at the alternative speeds, and suggests the use of short- or 
long-chorded coils to achieve this result. Evidently this pro- 
cedure reduces materially the output available from a given frame 
size. An alternative winding arrangement is considered, which 
increases the winding factors to 0-985 and 0-866 for the lower 
and higher pole-numbers, respectively. However, it is concluded 
that the arrangement is of little practical value, since it requires a 

total of 36 terminals on the motor. The present paper shows 
‘that a full utilization of the single winding can be made at both 
speeds, without the need for an excessive number of terminals. 


(8) CONCLUSIONS 


It is shown that a pole-changing induction motor with a speed 
‘ratio of 3:1 is capable of providing an overall performance 
comparable with the performance of two separate and standard 
motors, having corresponding pole numbers, when the pole- 
changing motor uses the same frame size as the single-speed 
motors. 

_ The circuit parameters of the pole-changing motor can be 
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determined with reasonable accuracy for both of the alternative 
connections to enable a satisfactory prediction of the correspond- 
ing performance characteristics, particularly when due regard is 
paid to stray-loss effects. 

It is demonstrated—for the first time, so far as the authors are 
aware—that in predicting the performance characteristics of an 
induction motor from design data, the appreciable effect of pro- 
nounced space harmonics of m.m.f. may be taken into account 
with reasonable accuracy. This is possible only when the 
leakage reactance of the secondary circuit includes the skew- 
reactance component—a component which appears to have been 
completely ignored in the published works of this country. 

The results obtained indicate that the skew-reactance is an 
important component of the unsaturated secondary leakage 
reactance in the consideration of the effect of the harmonics of 
space m.m.f. of a squirrel-cage motor having a full-pitch primary 
winding and the customary degree of skew of the rotor bars. 
It is also an important component in the consideration of the 
effect of the fundamental space m.m.f. of a pole-changing motor 
operating at either speed. It should be pointed out, however, 
that the skew leakage reactance is appreciably affected by satura- 
tion of the leakage-flux paths, and is therefore less important 
when the current loading is large, i.e. during starting at full 
voltage. 
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(11) APPENDICES 


(11.1) Case of Non-Integral Number of Slots per Pole per 
Sub-Phase 


When the number of slots per pole per phase, g, for normal 
operation is such that it is impossible to obtain an integral 
number of slots per pole per sub-phase, it is still possible to 
obtain a balanced 3- or 2-phase triple-pole winding if a double- 
layer winding is used and the well-known conditions for a winding 
of 3p-poles are satisfied. It will be appreciated that such con- 
ditions can, in general, be satisfied more readily in practice for a 
2-phase than for a 3-phase triple-pole winding. 

In general, the number of slots will be such as to permit a 
standard and balanced winding for both the normal and triple- 
pole connection. Nevertheless, even when the number of slots 
does not conform with the accepted rules for a balanced triple- 
pole winding, it should be noted that, by a careful allocation of 
unequally distributed winding turns over the phase spread, it 
may still be possible for the triple-pole winding to be made very 
nearly, if not exactly, symmetrical electrically so as to constitute 
an acceptable winding arrangement. 


(11.2) The Effect of Pole Number on Peak Torque of a Squirrel- 
Cage Motor with Fixed Frame Size 


The flux density, B gauss, at any instant of time, t seconds, 
and at any point displaced ycm from the zero position of the 
flux wave at t = 0, is 


= B,, sin (py/d, — swot) 


where swo is the electrical angular velocity of the flux wave 
relative to the rotor. 
The e.m.f. (in volts) induced in a rotor bar at the displacement 
yis 
V, = ul,B X 1078 


where u = swd,|p 
S@ol a d,B 
Thus Vv, = Sai 108 sin (py/d, — swot) 
and the current, in amperes, produced in the bar is 
__ $09d,Bn _. ‘ 
b= 57, «108 sin (py/d, — swot — B) (12) 
where Z, = R, + jsX,, tan B = sX,/R,, and R, and X, repre- 


sent, respectively, the effective resistance and reactance of the 
rotor circuit per bar in ohms per unit length of bar at the supply 
frequency of fg = wo/27, such that R, and X, include the end-ring 
effect. 
The torque on the bar, in dyne-cm, produced by the interaction 
of a and B, is 
= BI,d_I,/20 


_ Sol, d2B2 PAs 


~ 2pZ,x109°" (py/d, — sot) X sin (py/d, — swot — B) 


[The discussion on the above paper will be found on page 316.] 
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That is, 
SWol_,d2B? ~~ ra 
ee cos 8 — cos (2py/d, — 2swot — P)] 
Tem grerIOM Cpyl4a 
consists of a constant component and a component varying at ; 
frequency of 2sf,. Since the latter component varies in phas: 
from bar to bar, its resultant value for all bars is zero, and th 
total torque on the rotor is 
Be SWol,d2N,B?, care 
4pZ,, x 10° 


__ wod2l,N,B2, Re ls 
4p x 10° (R,/s)2 + X?2 


That is, (13 


It can be shown that for constant B,,,, T attains its peak value olf 
T,,, = wd?l,N,B2[8pX, x 109 . . . (4E 


when 5 =.R; |X, <i od 

Hence, with reference to eqn. (14), the peak torque of a gives 
squirrel-cage rotor, for a given air-gap flux density, is inverse] | 
proportional to the number of stator poles. In particular, th 
peak torque with 3p-poles is 33-3% of that with p-poles. Howy- 
ever, eqn. (12) shows that the reduction is due to the currer 
per bar being reduced to 33-3%, and the peak torque wif 
3p-poles may therefore be improved by increasing B,, to ¢ 
limit of the permissible temperature rise of the motor. 

It is of interest to note from eqn. (13) that the shape of *hi 
torque/speed characteristic is sensibly unaffected by the numb 
of poles, for a given rotor and air-gap flux density, since R, any 
X,, remain sensibly constant. Evidently, for the practical case ci 
constant supply voltage, the air-gap flux density tends to fall ad 
the slip increases, mainly owing to the presence of the primari, 
leakage reactance. Hence, in practice, the magnitude and sham 
of the torque/speed characteristic is influenced by the total, rathe 
than the secondary, leakage reactance. However, since t 
effect is common to operation with any number of poles, thll 
shape of the torque/speed characteristic remains sensibly unai 
fected by the number of poles. It will be appreciated from t 
equations in Section 5 that, when the resistance and leakagi 
reactance of the end-windings are abnormally large, a change ij 
the number of poles will cause the values of the equivalerj 
secondary resistance and total leakage reactance to change cor) 
siderably, and consequently the magnitude and shape of til 
torque/speed characteristic will be affected by the number cj 
poles. 

Further, eqn. (14) shows that, in the 3:1 pole-changim)- 
motor, the air-gap flux density must be increased 1/3 time 
at the lower speed to provide the same peak torque at bod) 
speeds. Such an increase can be obtained (a) by reducimj- 
B,,, at the higher speed to less than the customary value whild f 
increasing d, and N, to maintain more or less the same pe 
torque, and “(b) by increasing B,, at the lower speed to greate|, 
than the customary value since the electric loading of the machirj 
is much reduced [see eqn. (12)]. Evidently, reducing B,, at thi) 
higher speed to less than the customary value provides the ad 
tional advantage that undue saturation of the stator core at fi 
voltage is avoided, particularly since the number of stator slo 
may also be increased with d,. 
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SUMMARY 
Besides the obvious application of providing two separate and 


economical running speeds, the application of the 3 : 1 pole-changing 


motor to obtain controlled starting, stopping and reversing of industrial 
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drives is considered in some detail. For the latter types of drive, an 
investigation is made of the energy loss involved, and a comparison 
with other methods of control is made. 

It is shown that various asymmetrical connections of the primary 
winding for the larger pole-mumber can provide useful characteristics, 


for both squirrel-cage and slip-ring machines, and, in general, a 2-phase 


connection of the primary winding for the larger pole-number is 
likely to be more satisfactory than a 3-phase connection. 


LIST OF PRINCIPAL SYMBOLS 
_I = Moment of inertia, Ib-ft?. 
may = Speed, r.p.m. 
N, = Synchronous speed, r.p.m. 
P = Power loss, watts. 
R, = Primary circuit resistance, ohms. 
R, = Equivalent secondary circuit resistance, ohms. 
- s = Fractional slip. 
T = Torque, lb-ft. 
W = Energy loss, joules. 
W, = Ideal energy loss in secondary circuit, joules. 


(1) INTRODUCTION 


-Ithas been shown by the authors! that a single-winding 3p: p 
pole-changing induction motor can be designed to provide 


’ characteristics which are comparable with those provided by two 
separate, single-speed machines of standard design, where p 


represents the number of poles for which the machine is wound 


as a 3-phase motor. The same peak torque can be provided at 


both speeds, and the winding may be reconnected as a 3p-pole 
machine having either two or three phases. 
The availability of the lower synchronous speed is a particular 


advantage for drives which are continuously, or frequently, 


‘starting, stopping and/or reversing. Starting can be effected 


with high torque, low currents and reduced energy loss, whilst 


regenerative braking can be used from full to one-third speed to 


" give a minimum of heating of the motor during stopping, with 


symmetrical connections of the windings in each case. 
Alternatively, one of the many possible asymmetrical con- 


_nections2 of the lower-speed winding arrangements may be used 
to provide a comparatively simple method of braking from full 


speed, with low energy loss. Noodleman? has discussed such an 


arrangement, in the case of squirrel-cage motors, which is being 
usefully applied to machine-tool and other drives, despite the 


fact that the motor carries a separate winding for the lower pole 

‘number. Obviously, a great deal is gained by using a single 
winding for both pole numbers, as in the present Bele pole- 
changing motor of more or less standard design. 


Dr. Barton and Mr. Butler are at the University of Sheffield. 
Mr. Sterling is with Lancashire Dynamo and Crypto Ltd. 


Various symmetrical connections of the primary windings will 
first be dealt with, and this will be followed by a discussion of 
various symmetrical connections of the secondary circuit, and 
the application of both symmetrical and asymmetrical primary- 
winding connections with alternative forms of secondary circuit. 


(2) SYMMETRICAL PRIMARY CONNECTIONS 


The symmetrical connections may conveniently be divided into 
those providing 3-phase and those providing 2-phase windings 
for the lower speed or triple-pole operation, and each may be 
subdivided into arrangements requiring different numbers of 
motor terminals. For the purpose of the present paper, dis- 
cussion is limited to the case where the mean flux density in the 
air-gap during triple-pole operation is arranged to be about 
170% of that for full-speed or normal operation, to provide 
approximately equal peak torques for both speeds. It has been 
shown previously! that this can readily be attained with standard 
core-plates. 

In practice, a somewhat lower ratio of air-gap flux densities of 
150°%, say, may result in improved overall performance on 
constant-torque drives, whilst for variable-torque drives other 
ratios of the air-gap flux densities may be desirable. It may be 
noted, also, that even when a transformer is required for triple- 
pole operation, to obtain the desired air-gap flux density and 
number of phases, its apparent-power rating is comparatively low. 


(2.1) 3-Phase/3-Phase Connections 


The two main arrangements differ owing to the need for, or 
for the avoidance of, a transformer for low-speed operation at a 
phase voltage approximately 58% of that for high-speed opera- 
tion, when the number of parallel paths per phase is the same in 
each case. 


(2.1.1) Connection without a Transformer. 

Referring to Fig. 1, it will be seen that each of the normal 
phases A, B, C is divided into three sub-phases, as previously 
defined by the authors.! The winding is delta-connected for the 
smaller and star-connected for the larger number of poles, to give 
the desired air-gap flux density in the latter case without the use 
of a transformer. The phase-spread is 60° in each case, and it 
will be seen that a total of 14 terminals is required, which neces- 
‘sitates somewhat elaborate control equipment. However, in the 
case of large motors operating for long periods at each alternative 
speed, this may not be a serious disadvantage. 


(2.1.2) Connection with a Transformer. 

With reference to Fig. 2, the winding is delta-connected for 
both the smaller and larger number of poles, with three parallel 
paths per phase in the latter case and with a phase-spread of 120° 
in each case.* It will be seen that the number of terminals has 
been reduced to nine, and the complication of the necessary 
control equipment is therefore considerably reduced. 

Alternatively, with reference to Fig. 3, the winding may be 
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(2.2) 3-Phase/2-Phase Connections 


3-PHASE SUPPLY 3-PHASE SUPPLY ‘ i 4 
i ? It may be shown that in this case approximately equal pea 
: torques are obtained at both speeds when, with the same numbe 
of parallel paths per phase for both speeds, the phase voltage ct 
i a the lower speed is 87 °% of that at the higher speed of operation 
It is essential that the 2-phase supply shall be correctly balance: 
when it is required to operate the motor at the lower speed fc 
Al B83 ce prolonged periods. Fig. 4 shows that this can readily be achieves 
3-PHASE SUPPLY 3-PHASE SUPPLY | 

A2 Bl (eS) 

(a) (8) 


Fig. 1.—Example of 3-phase p-pole to 3-phase 3p-pole connection. 
(a) 3-phase p-pole. 
(5) 3-phase 3p-pole. 
o Terminals. 


S> PHASE SUPPLY Uv. (3= PHASE SUPPLY, 


(a) 


Fig. 4.Example of 3-phase p-pole to 2-phase 3p-pole connection..| 
(a) 3-phase p-poles. ‘ 
(b) 2-phase 3p-poles. 
o Terminals. 


by means of a single auto-transformer, to provide the desine( 
relationship between the phase voltages at the higher and lowe) 
speeds of operation.> 

It will be seen that the motor winding is delta-connected ic) 
high-speed operation and requires a total of nine terminal] 
The transformer apparent-power rating is only 33% of that chp 
the motor for low-speed operation, and, allowing for the increase, 
magnetizing current of the motor at the lower speed, it is appro? 
mately one-sixth of the apparent-power rating of the motor ¢| 
the higher speed. The 3-phase line currents are balanced, aril 
equal in magnitude to the 2-phase currents. 


(2) 
Fig. 2.—Example of 3-phase p-pole to 3-phase 3p-pole connection. 


(a) 3-phase p-pole. Alternatively, the motor winding may be star-connected fc) 
Eee high-speed operation, as shown in Fig. 5, utilizing a Scotj 
3- PHASE SUPPLY | LV 3-PHASE SUPPLY BOP RAS ERS URELs 2-PHASE SUPPLY 
@ 


Vv 


| : 


A2 Be (ey 
Fig. 5.—Example of 3-phase p-pole to 2-phase 3p-pole connection.) 
A3 B3 Cs (a) 3-phase p-poles. 
(b) 2-phase 3p-poles. 
o Terminals. 
(a) {5) 


connected arrangem iy 
Fig. 3.—Example of 3-phase p-pole to 3-phase 3p-pole connection. the correct see: ae Ee ee a total 
a ee eee only seven motor terminals is required, so that the contri 
© Terminals, equipment may be comparatively simple. . 
It is not essential that the 2-phase supply shall be correct# 
star-connected for the smaller number of poles, and delta- balanced when it is required to operate the motor only for shod 
connected with three parallel paths per phase for the larger periods at the lower speed. It is therefore permissible to use tt! 
number of poles.* Again, the phase-spread is 120° in each case. asymmetrical 2-phase supply of 60° or 120° (electrical) spacir 
However, compared with the arrangement of Fig. 2, the number between phases, obtained direct from the 3-phase 3- or 4-wi 
of terminals has been increased to 10. supply, respectively, as further discussed in Section 4.1.3. 
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PHASE CURRENT, AMP ' 
TOTAL INPUT POWER, kW 


NORMAL 
CONNECTION 


TRIPLE-POLE 
CONNECTION 


=1000 —500 
SPEED, R.RM. 


=1500 


Fig. 6.—Normal and triple-pole characteristics of the experimental machine. 


(a) Torque/speed characteristics. 


(6) Phase-current/speed and total-input-power/speed characteristics. 


Phase current. 


— ——w— Total input power. 


(2.3) Performance Characteristics 
The performance characteristics at both speeds of an experi- 


“mental squirrel-cage induction motor, representative of the 


“high-resistance rotor” class of machine, are given in Fig. 6, 
the motor being connected in accordance with Section 2.2. It 
may be noted that the experimental motor is that cited as machine 
No. 2 by Barton, Butler and Sterling.!_ The nominal continuous 
rating of the machine frame size at 750r.p.m., when fitted with 
a conventional “‘low resistance” rotor, is 7-5h.p. with a 3-phase 
50c/s supply. The stator coils are full-pitched with a phase- 
‘spread of 60°, and are fitted in a total of 48 slots. 

‘It will be seen that in consequence of the use of full-pitch coils, 
a pronounced 5th-harmonic effect exists in the torque/speed 
curve for the normal connection, and a pronounced 3rd-harmonic 
effect exists in the torque/speed curve for the triple-pole con- 
Otherwise, although the torque/speed curves do not 
‘take the usual theoretical form, they are not unusual in practice 


for squirrel-cage motors.® 


4 
ae 


Further, it will be seen that both the power consumption and 
current from standstill to the lower synchronous speed of 
500r.p.m. are considerably less with the triple-pole than with 
the normal connection. It should also be noted that Fig. 6 has 
been deduced from low-voltage tests of the motor by linear 
extrapolation. This is not strictly correct, owing to saturation of 
the leakage-flux paths at high currents, and in practice the torques, 
currents and powers will be somewhat greater? than as shown 
in Fig. 6. 


F 


(3) SYMMETRICAL SECONDARY CIRCUITS 


Obviously, a single- or multiple-cage secondary circuit should 
be utilized whenever possible with pole-changing motors. 
Alternatively, when widely different secondary resistance values 
are required at the lower and higher speeds (e.g. to obtain a high 
starting torque) an unconventional brushless machine may be 
used which is effectively a double-cage machine at the higher 
speed and a single-cage machine at the lower speed, as discussed 
below. 

However, when a wound secondary circuit with slip-rings is 
required to obtain speed control at the higher and lower speeds, 
one of several forms of single secondary winding may be used. 


(3.1) Unconventional Brushless Rotor 


Advantage may be taken of the fact that a single- or multi-turn 
coil short-chorded by one-third of the normal pole pitch has zero 
effective mutual inductance with the primary winding when the 
latter is connected for triple-pole operation. Thus, a secondary 
winding consisting of such coils, which may be short-circuited by 
a common end-ring at one side of the rotor, responds to the 
normal connection of primary winding only. If the rotor is 
fitted also with a conventional cage winding, the performance 
characteristics for operation on the normal and _triple-pole 
connections may be made to differ widely to suit special applica- 
tions, as further discussed in Section 4. Again, a somewhat 
smaller degree of short-chording may be used to obtain other 
and still different performance characteristics for low- and high- 
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speed operation. Alternatively, the short-chorded and short- 
circuited coils may be replaced by a conventional fully-pitched 
star-connected secondary winding, with the three phase-ends 
permanently connected to each other, since a star-connected 
secondary winding has zero effective mutual inductance with the 
primary winding when the latter is connected for triple-pole 


operation. 


(3.2) Single-Winding Rotor Circuits 


Figs. 7 to 9 show three of the several possible forms of single- 
winding rotor circuit. Each phase-winding of Figs. 7 and 8 is 
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Fig. 7.—Single-winding rotor circuit. 
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Fig. 9.—Single-winding rotor circuit. 


divided into two parts, which are identical except for being dis- 
placed by 30° (electrical) on the basis of the lower pole-number. 
It will be seen, therefore, that the parts Al, B1, Cl and A2, B2, 
C2 form the phases of a balanced 2-phase triple-pole winding. 
Evidently, the resistors R permit speed control on both the 


triple-pole and normal connections of the windings. 


In addition, in the case of Fig. 8, only two extra resistors, RY 
are required to allow independent setting of the necessary circuit 
resistance for triple-pole and normal operation, in conjunctior 
with appropriate contactors, which is advantageous in ba 
applications where the resistance is required to be changed rapidly: 
when the pole-number is changed. Seven slip-rings are required 
for each of the windings of Figs. 7 and 8. A further alternative 
is a 5-phase 36°-spread p-pole winding having only five slip ringg 
and external resistors, which again provides resistance control a} 
both speeds. 

Fig. 9 illustrates a single-winding rotor circuit requiring only 
three slip-rings. The p-pole arrangement comprises three 
separate star-connected windings, each of which is permanently 
short-circuited. The 3p-pole arrangement comprises a star 
connected winding, each phase having three parallel paths, con- 
nected to external resistance via the slip-rings. Thus, this form) 
of rotor circuit may be used to control the starting and braking 
torques, as well as the speed, from near standstill to one-thir¢ 
speed; it is further discussed in Section 4. It should be notec{ 
that when the phase-spread is 60°, the winding A2, B2, C2 o¥ 
Fig. 9 is reverse-connected, compared with the remaining 
windings, in order to obtain a balanced 3-phase winding during), 
triple-pole operation. Obviously, such a balanced winding may 
be delta-connected on 3p poles rather than star-connected, ij 
so desired. 


(4) APPLICATIONS 
The applications of the 3 : 1 pole-changing motor may ccoa7 
veniently be divided into those utilizing either symmetrical o 
asymmetrical connections of the primary windings. 
For frequent start-stop and reversing drives, various sym 
metrical and asymmetrical connections of the primary winding 
may be utilized. Such alternative arrangements may be com 
pared on the basis of the energy dissipation in the motor circuit 
per duty cycle. 
Theoretical expressions for the energy dissipation have bees) 
developed, using certain simplifying assumptions which do no 
materially affect their validity in the present instance; they ari 
summarized in Section 9. Tables derived from these expression: 
give values of ideal secondary-circuit loss as a multiple of We! 
the ideal secondary-circuit loss of a single-speed motor durin.) 
acceleration from standstill to its synchronous speed against az} 
inertia load; the ideal loss being that obtained when torques du 
to harmonics, stray loss and friction and windage are neglecteci 
In addition, values are given for the sum of the secondary- an: 
primary-circuit motor loss for a_high-resistance-secondari 
machine having a ratio of equivalent secondary-to-primari 
resistance of 3 : 1, again as multiples of Wo and also relative ti) 
the value obtained with regenerative braking of the dual-spees 
motor. 


(4.1) Applications of Symmetrical Connections 
(4.1.1) Dual-Speed Drives. 


The availability of a speed as low as one-third full speed |. 
advantageous in a number of industrial drives. For exampli 
those applications where operation is normally at full speed, bu} 
a low speed is also required for accurate positioning, such <} 
machine-tool, hoist and lift drives. Again, in the case of recipre) 
cating pumps and axial-flow fans, the availability of one-thir} 
full speed facilitates economic operation during periods of lo 
demand. Further, certain drives require two discrete speec} 
during each cycle of duty, such as a planing machine using ;| 
quick-return motion, automatic drilling and tapping machin 
using a slow feed and quick withdrawal, and tool-feed motion) 
for which a quick traverse is occasionally required; i.e. applice) 
tions where the lower speed is the working speed, but tk) 


availability of a much higher speed is an economic advantage in 
increasing the rate of production of the finished article. 

L 

(4.1.2) Frequent Start-Stop Drives. 

' It is shown in Section 9.1 that, theoretically, the losses incurred 
during the starting operation of a 3:1 pole-changing motor may 
be reduced to about 55% of that incurred by a single-speed 
motor, in the case of an inertia load. 

_ With regard to the stopping operation, where the time of 
retardation must be reduced to a minimum, regenerative braking 
may be used from full speed down to one-third speed, to reduce 
the kinetic energy of the drive to one-ninth of its initial value. 
‘This small residual energy may be readily removed by mechanical 
braking, with negligible wear of the brake. It may be noted that 
considerations of safety make it desirable, if not essential, to fit 
‘a mechanical brake to many industrial drives. 

_ Alternatively, either d.c. dynamic braking or reverse con- 
ection to the a.c. supply—i.e. plugging—may be used. The 
former necessitates the extra expense and space requirements of 
a separate d.c. supply, whilst the latter necessitates special 
precautions against the possibility of reverse rotation of the 
drive. Jn both cases, braking to standstill can be attained 
rose the use of mechanical brakes when the drive does not 


impose a torque on the motor at standstill. 

It is shown in Section 9.2 that regenerative braking results in 
a much smaller energy dissipation in the motor circuits than 
either plugging or d.c. dynamic braking, the relative values being 
-given in Table 1. Also, when the total heat dissipation due to 
‘regenerative and mechanical braking is of interest, it may be 
noted that the figure of 1-0 in Table 1 is increased by only some 
6-12 % (i.e. to 1:06 to 1-12) according as the primary resistance of 
the motor per phase is equal to, or small with respect to, the 
equivalent secondary resistance per phase. 


Table 1 


ENERGY DISSIPATED iN MoToR CIRCUITS, WHILST BRAKING FROM 
| FULL-SPEED TO STANDSTILL, EXCEPT IN THOSE INSTANCES 

MARKED *, FOR WHICH MECHANICAL BRAKES ARE USED 
BELOW ONE-THIRD SPEED 


3: 1 Dual-speed 


Si . 
motor ingle-speed motor 


| Braking method 


*Re- 
genera- 
tive 


Asym- 
metrical 
a.c. 


DiC: 
dynamic 


*Zero- 


sequence Plugging 


3Wo 
4Wo 


Secondary-circuit 0:-44Wo| 1:7Wo | 0:64Wo Wo 
| loss 

| Secondary- plus 

| primary-circuit 

| . loss 

_| Relative secondary- 
} plus primary- 


circuit loss 


0°59Wo| 2:3Wo | 0-75Wo 


1-0 38) NOs) 6:9 


It is shown in Section 9.3 that, again, when the complete 
start-stop cycle is considered, the use of a dual-speed motor for 
‘starting and regenerative braking results in a substantial reduc- 
tion in the energy dissipated in the motor circuits. The values of 
energy dissipation in the single-speed motor, with alternative 
plugging and d.c. dynamic braking, are given in Table 2, together 
with the value for regenerative braking of the dual-speed motor. 
For the complete start-stop cycle, the total energy taken from 
the supply mains is equal to the energy dissipated in the motor 
and the mechanical brake. However, the energy dissipated in 
the mechanical brake is only about 5% of the total energy and 


Table 2 
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ENERGY DISSIPATED IN Motor CIRCUITS PER START AND STOP 


Braking method 


CYCLE 


3: 1 Dual-speed 
motor 


' Single-speed motor 


Asym- 
metrical 
a.c. 


*Zero- 
sequence 


Plugging 


DIG; 
dynamic 


Secondary-circuit 


loss 

Secondary- plus 
primary-circuit 
loss 

Relative secondary- 
plus primary- 
circuit loss 


2:3Wo 
3W 


712) 


1:6Wo 
1:9Wo 


1-4 


4Wo 
5°3Wo 


4-0 


2Wo 
2:7Wo 


2:0 


_* Methods require use of mechanical brakes for decelerating below one-third speed. 
Aiso, last two rows give energy input and relative energy input, respectively, from 


supply mains. 


may therefore be neglected. Hence, the bottom row of Table 2 
gives the relative energy costs of the different types of drive. 
Thus, besides the possible reduction in the size of the motor, 
due to the reduced energy losses of the dual-speed machine, 
It may also be 
noted that in many start-stop drives the inertia of the rotor is 
the major part of the total inertia of the drive, and a decrease in 
the size of the rotor would therefore produce a still more favour- 
able result with regard to operating costs than that shown by 
Table 2. Such observations apply equally to the duty cycle 
discussed in Section 4.1.3. 


there is a substantial saving in operating costs. 


(4.1.3) Frequently-Reversing Drives. 

It is shown in Section 9.4 that the energy loss incurred during 
each cycle of operation of a frequently-reversing drive may be 
calculated for various alternative methods of accelerating and 
decelerating the motor. The results are given in Table 3 for 


Table 3 


ENERGY DISSIPATED IN MOTOR PER REVERSAL CYCLE 


Reversal method 


3: 1 Dual-speed 
motor 


Single-speed motor 


Regenerative 
braking, plugging 
on low speed and 

_ motoring on 
high speed 


Zero- 
sequence 
braking 

and 
plugging 


Plugging 


D:¢. 
braking 
and a.c. 

motoring 


Secondary-circuit 
loss 

Secondary- plus 
primary-circuit 
loss 

Relative secondary- 
plus primary- 
circuit loss 


2:7Wo 
3:6Wo 


10 


4:8Wo 
6:2Wo 


ag) 


8Wo 
10:7Wo 


3-0 


4Wo 


Last two rows give energy input and relative energy input, respectively, from supply 


mains. 


plugging, zero-sequence or d.c. dynamic braking in the case of 
a single-speed motor, and, in the case of a dual-speed motor, 
using regenerative braking from full to one-third speed, foliowed 
by plugging on the higher pole-number to one-third reverse 
speed, and motoring on the lower pole-number to full reverse 


speed. 
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In the present instance, no mechanical braking is involved and 
Table 3 therefore also gives directly the relative total energy input 
from the supply mains per reversal cycle. Again, therefore, a 
great deal is gained by the use of a 3: 1 dual-speed motor in 
preference to a single-speed motor. 

It is well known that the positive- and negative-sequence 
admittances of an induction motor are of approximately equal 
magnitude at all speeds other than those close to the synchronous 
speed. It follows that the presence of a small negative-sequence 
component in the supply voltage results in only a small negative- 
sequence current, and a very small negative-sequence torque, 
relative to the positive-sequence quantities throughout more or 
less the whole of the speed reversal cycle. It is thus permissible 
to connect the 3-phase supply direct to the 2-phase triple-pole 
windings of the motor in either of the ways shown in Fig. 10. 
Positive- and negative-sequence 2-phase voltages of 96°5% and 
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SYSTEM 


2-PHASE 
SYSTEM 


3-PHASE 
SYSTEM 


2-PHASE 
SYSTEM 


(a) (8) 
Fig. 10.—Unbalanced 2-phase supply obtained direct from the 3-phase 
supply. 


(a) From 3-wire supply. 
(b) From 4-wire supply. 
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5. 11.—Characteristics of the experimental machine when operated 
from an asymmetric 2-phase supply obtained direct as in Fig. 10(a) 
from a 400-volt 3-phase supply. 


(a) Torque/speed characteristics. 
(b) Current/speed and power/speed characteristics. 
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26%, respectively, of the 3-phase line voltage are obtained in th 
case of Fig. 10(a), whilst values of 56% and 15%, respectivel!l 
are obtained in the case of Fig. 10(b); i.e. the magnitude of th 
negative-sequence voltage is 27% of that of the positive-sequena 
component in both cases. 

Fig. 11 shows the positive- and negative-sequence torqu 
power and current characteristics of the experimental mote 
when operated from the asymmetrical 2-phase supply obtaine| 
as in Fig. 10(a). Evidently, the characteristics substantiate th | 
validity of the above discussion. ail 

Fig. 12 shows the connections of the motor and switchir] 


MOTOR WITH 
TRIPLE-POLE 
WINDING 
(9TERMINALS) 


FULL SPEE>) 
= ee | 


CHANGING 
SWITCH 


SUPPLY 


Fig. 12.—Switching scheme for a frequently-reversing drive usings L 
triple-pole steps. i 


arrangement as applied to an experimental plate-edge plane. 
using available switchgear. It will be seen that the switchii! 
arrangement is fairly simple, and two of the 3-phase lines ph 
the neutral wire are used for the supply of the 2-phase triple-po| 
connection of the motor, as in Fig. 10(5). In this particular dri} 
the triple-pole performance is of secondary importance coz 
pared with that at full speed. Hence, standard high-speq 
laminations are used which, together with a fully-pitched sings 
layer primary winding, provide the optimum high-speed mo? 
performance whilst enabling an economic reversal to be obtain 
with intermediate switching steps. 


(4.2) Application of Asymmetrical Connections 


The asymmetrical connections considered here will be restrict}. 
to those which give a.c. dynamic braking from full-speed | 
standstill, or nearly standstill, without any tendency for 1 
motor to run up in the reverse direction. Further, considerati) 
will be restricted to those asymmetrical connections which provi) 
some degree of regenerative braking. Thus, so far as the P-Po- 


7 


winding is concerned, only the zero-sequence connection will |! 
considered. 
(4.2.1) Zero-Sequence Connection. 


The zero-sequence connection is obtained by connecting || 
phases of a 3-phase machine in series, or in parallel, across} 
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ingle-phase supply.2 The zero-sequence torque/speed charac- 
eristic of the experimental machine is given in Fig. 13, using 
eres connection of the phases and a maximum permissible 
upply voltage of 500 volts, obtained via an auto-transformer 
fom the normal 400 volt supply. For comparison purposes, the 
lormal torque/speed characteristic is also included in Fig. 13. 
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Fig. 13.—Zero-sequence torque/speed characteristic of the experimental 
machine at 167 volts per phase compared with the normal motoring 
and plugging characteristics at 400 volts per phase. 


It will be seen that a substantial braking torque is obtained 
from full speed down to one-third of full speed, and that an 
appreciable motoring torque is available below one-third speed. 
Above one-third speed, a regenerative braking torque arises from 
the forward rotating component of the single-phase 3p-pole field, 
plus a plugging torque arising from the backward rotating com- 
ponent of the field. In consequence, this type of braking is 
attractive from the point of view of motor heating, the energy 
dissipated in the motor circuits being only 22% of that for 
plugging to standstill from full speed, and 65% of that for d.c. 
dynamic braking (see Table 1 and Section 9.2). As mentioned 
in Section 4.1.2, mechanical braking may be used from one-third 
Speed to standstill to dissipate the remaining 11% of the initial 
Kinetic energy. 


(4.2.2) Asymmetrical Triple-Pole Connection 

The asymmetrical connections which are most effective in 
providing a.c. dynamic braking down to standstill, without any 
tendency for reverse rotation, are those which produce equal 
Positive- and negative-sequence voltage components. Fig. 14 


SINGLE-PHASE 
SUPPLY 


Fig. 14.—3p-pole connection for equal positive- and negative-sequence 
voltage components. 
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illustrates a connection of the 2-phase triple-pole winding which 
produces equal positive- and negative-sequence voltage com- 
ponents of 50% of the line voltage.> A corresponding connection 
of the 3-phase triple-pole winding exists, but does not appear to 
be of practical value since an excessive number of motor terminals 
is required. 

It should be noted that it is necessary to use an equivalent 
triple-pole secondary resistance which is at least numerically 
equal to, and preferably greater than, the total triple-pole leakage 
reactance of the motor (i.e. peak torque should occur at a slip 
> 1:0) if a.c. dynamic braking is to be effective down to stand- 
still; i.e. if it is desired to avoid the use of a mechanical brake. 
Fig. 15 illustrates the torque/speed characteristics of the experi- 


SPEED, RPM 


Ib-ft 


TORQUE , 


Fig. 15.—Predicted torque/speed characteristics for the experimental 
machine with different values of secondary resistance and con- 
nected as in Fig. 14 to a 400-volt supply. 

—— -—  _ Rp = 0°5(X%1 + X2) 
———— R2=1-0(X; + X2) 
———_ Rp = 201% + X2) 


mental machine for the connection of Fig. 14, and with varying 
ratios of equivalent triple-pole secondary resistance to total 
triple-pole leakage reactance. Evidently, by suitable choice of 
the ratio, a gentle braking torque can be obtained at low speeds, 
in contrast with d.c. dynamic braking. It has been pointed out 
by Noodleman? that this is a distinct advantage in many machine- 
tool drives. 

It is shown in Section 9.2 that the energy dissipation in the 
motor circuits with a.c. dynamic braking (i.e. using the asym- 
metrical triple-pole connection) can be calculated, and the results 
are included in Tables 1 and 2 under the heading of “‘asymmetrical 
a.c.” Evidently this method of braking is likely to be preferred 
for many applications, since there is no danger of reverse rotation 
of the motor, the expense and space requirements of a separate 
d.c. supply are avoided, and so too is the use of a mechanical 
brake. 

It may be noted that although a satisfactory braking and 
overall performance can be obtained with a high-resistance single- 
cage rotor, the use of the unconventional brushless rotor of 
Section 3.1, or the single-winding rotor circuit of Fig. 9, allows 
a greater freedom in obtaining the best overall motoring and 
braking performance. 

Obviously, the single-winding rotor circuit of Fig. 9 is a most 
desirable arrangement in that the external resistances may be 


preset for the best accelerating and braking performance, 
thereby minimizing the control equipment and dissipating the 
major part of the energy loss external to the motor. 


(5) COMPARISON OF 3:1 AND 2:1 SINGLE-WINDING 
POLE-CHANGING INDUCTION MOTORS 

The 3: 1 and 2:1 single-winding pole-changing motors are 
not in general directly competitive for constant-speed applications. 
However, they are directly competitive for the applications dis- 
cussed in Section 4.1.2 ef seg. Before comparing their relative 
merits for such applications, their effectiveness in utilizing a 
given frame size of machine will be compared. 


(5.1) Relative Performance for Given Frame Size 


The comparison is based upon equal power output at the same 
top speed. The 2:1 motor is assumed to have a winding 
spread of 60° and a pitch of approximately 60% at the higher 
speed, and a 120° spread and approximately 120% pitch at the 
lower speed. The windings are delta-connected for low-speed 
operation and star-connected. (two parallel circuits) for high- 
speed operation. This is representative of modern practice in 
obtaining the best overall performance. The 3:1 motor is 
assumed to have a full-pitch winding at both speeds, with 60° 
spread 3-phase at the higher speed, and 90° spread 2-phase at 
the lower speed. 

The primary winding factor of the 2:1 motor is 0-772 for the 
high-speed connection and 0-786 for the low-speed connection, 
whilst the corresponding values for the 3:1 motor are 0:955 
and 0:9. Since the utilization of the winding space varies as the 
square of the winding factor, the 2:1 winding is 65% and 68% 
effective, respectively, whilst the 3:1 winding is 100% and 89% 
effective, respectively, relative to a full-pitched winding of 60° 
phase-spread. Furthermore, a single-layer winding can be used 
for the 3: 1 motor to obtain the best possible copper space-factor 
in the slots. 

The 3:1 winding has, of course, the disadvantage of a rather 
greater overhang length. However, although this may increase 
the primary resistance beyond the ideal for a single-speed winding 
for the lower speed, it does not necessitate any derating of the 
motor because the heat capacity and heat dissipating surface of 
the winding have increased proportionately. 

It will be appreciated, from the foregoing discussion, that with 
the 2: 1 winding a considerable amount of derating is necessary 
below the maximum output obtainable from single-speed motors 
of the same frame size. Such derating is the result of the need 
for a compromise magnetic circuit as well as a reduced utiliza- 
tion of the primary winding space, as discussed above. In practice 
only about 60-70% of the maximum respective single-speed 
outputs for a given frame size can be obtained with a 2:1 single- 
winding motor. On the other hand, the 3:1 single-winding 
motor requires to be derated only on account of the need for a 
compromise magnetic circuit, and it is usually possible to obtain 
about 80-90% of the maximum respective single-speed outputs. 

It may be noted, also, that in the case of a 3: 1 pole-changing 
motor using two separate primary windings, only about 45-60% 
of the maximum single-speed outputs can be obtained. It can 
therefore be seen that the 3:1 single-winding pole-changing 
connections enable the size of the motor to be kept to a minimum 
and may, in some cases, not require an increase in the frame size 
compared even with single-speed motors. The reduced space 
requirements, material and labour costs, and motor inertia, com- 
pared with both 3:1 dual-winding and 2:1 single-winding 
motors, are distinct advantages of the 3:1 single-winding 
machines which may, in many cases, more than balance the need 
for an auxiliary transformer and more elaborate control-gear. 
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(5.2) Relative Performance on Prescribed Duty Cycle 


As noted in Section 4, the energy dissipation in the motor po 
duty cycle becomes the most important consideration whe 
operating with continuously changing speed. I 

It is shown in Section 9 that the energy dissipation may lt) 
readily calculated for a 3:1 or a 2:1 motor, when the load cai 
be represented by an equivalent inertia at the motor shaft—a 
example of such a load being a centrifuge. It should be bo 
in mind that even when the load is represented by an equivaler 
inertia and a torque, as with a hoist or a planing machine, th 
energy dissipation due to the inertia is still most important ar 
a comparison of the 3: 1 and 2: 1 motors on the basis of < 
inertia load is of value. Evidently, with a load combining inert 
and torque it is particularly advantageous to use the machui 
capable of giving the maximum possible torque/inertia ratio -} 
reduce the cycle time, and thereby the total energy consumpticy) 


| 


i.e. the 3 : 1 motor is preferable to the 2 : 1 motor. 1 


(5.2.1) Start-Stop Cycle. 
When operating on a start-stop duty with 2-speed acceler: 
tion, followed by regenerative braking to the lower synchronow, 
speed, the energy dissipated in the 2:1 motor circuits is aboy 
10% less than in the 3: 1 machine, but the residual kinetic energy 
at the lower speed is 2°25 times as great. Thus, when ¢ 
customary method of mechanical braking is used to dissipaq 
the residual energy, the brakes must be proportioned for ‘i 
much greater duty in the case of the 2:1 motor, or a far great) 
rate of wear must be accepted. Alternatively, when the resicu 
energy is dissipated by plugging on the lower-speed connectiog. 
the total energy dissipated in the 2:1 motor circuits is 12) 
greater than in the 3 : 1 machine. 

When a.c. dynamic braking is used from full speed to stan}, 
still, with an asymmetrical connection of the primary windizl) 
producing equal positive- and negative-sequence voltage cen) 
ponents, as discussed in Section 4.2.2, the energy dissipated 
the 2:1 motor is about 35% greater than in the 3:1 machi 
for the complete start-stop cycle. 


ig 


(5.2.2) Reversal Cycle. 


When operating on a reversal duty with regenerative brakti) 
to the lower speed, followed by plugging to the reverse low 
speed, and motoring to the reverse full speed, the energy cod. 
sumption per cycle with the 2:1 motor is about 12% great} 
than with the 3: 1 machine. | 


(5.3) Inching Duty and Low-Speed Control 


Evidently, since the 3:1 motor has an appreciably lo 
synchronous speed than the 2:1 machine, an inching duty c. 
be carried out with the former motor at a greater electrid) 
efficiency and with a greater degree of mechanical control of t{_ 
load. Similarly, when speed control by variable secondad 
resistance is utilized, a more stable and efficient low speed eq 
be attained with the 3: 1 motor than with the 2: 1 machine. 


(5.4) Auxiliary Apparatus and Motor Windings 


Both machines require that each phase be divided into ty) 
similar parts, so that the direct costs of winding should not 
significantly different. In general, however, nine terminals < 
required for the 3:1 motor as against six for the 2:1 machis 

The 2:1 motor requires a 6-pole switch, three poles of whi 
must be double-throw. The 3:1 machine requires an 8-po 
double-throw switch and a small auto-transformer, as discuss} 
in Section 2.2, when continuous operation at the lower speed! 
required. However, the transformer rating is about one-six| 
of the full-speed rating of the motor, so that its size and cel 
are relatively small. . 
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(6) CONCLUSIONS 
The single-winding pole-changing motor is obviously preferable 
0 the dual-winding type for reasons of economy and space 
equirements. Hitherto, in limiting the necessary number of 
aotor terminals and complication of the control equipment, 
he application of single-winding motors has been more or less 
estricted to drives of 2:1 speed ratio. It is shown that a motor 
#f 3:1 speed ratio is available, with little increase in the number 
of motor terminals and complication of the control equipment. 
_ The latter machine overlaps and extends the sphere of applica- 
ion of the former, since it permits (a) a larger range of regenerative 
waking to reduce considerably the wear on mechanical brakes, 
b) a similar reduction in motor heating during acceleration to the 
igher speed, and during reversal at the higher speed, (c) a lower 
sconomic running speed, and (d) a more efficient method of 
symmetrical a.c. dynamic braking from full speed to standstill. 
The efficiency of the asymmetrical a.c. method of dynamic 
oraking on the triple-pole connection is comparable with that 
of d.c. dynamic braking and may be preferred for many applica- 
dons, since the expense and space requirements of a separate 
lic. supply are avoided. Also, in contrast with plugging, there 
sno danger of reverse rotation of the motor. Such applications 
ae cited by Noodleman? as including (i) drill presses or milling 
nachines, to provide rapid stopping for the changing of tools, 
70 avoid damage of the work, and to facilitate the transfer of 
zears, (ii) lathes requiring a gentle stop to minimize the occurrence 
of loose chucks and of twisting heavy shafts, (iii) headstock drive 
om universal grinders, for rapid braking and inching operations, 
and (iv) special drives for automatic drilling, tapping, armature 
winding, and the positioning of jig borers. 

Further, the winding utilization of the 3:1 pole-changing 
motor is appreciably better than that of the 2:1 motor and 
requires considerably less derating of a given frame size. Thus, 
the characteristics of the 3 : 1 motor are more nearly identical 
with those which can be obtained from two single-speed motors 
of the same frame size. 

The ability of the 3:1 motor to provide a satisfactory 
accelerating and braking performance is of interest in applica- 
tions where a large inertia is involved, such as the centrifuges 
4 in sugar refineries and laundries. 

The availability of the one-third speed is advantageous for 
fiplications where operation is normally at full speed, but a 
low speed is also required for accurate positioning, such as 
machine tool, hoist and lift drives; where a low speed is required 
for appreciable periods of time, as in the case of reciprocating 
pumps and axial-flow fans, to facilitate economical operation 
during periods of low demand; and where operation is normally 
at the lower speed, as in the case of a planing machine and various 
tool feed motions, but a much higher speed is required for the 
quick-return motion or quick traverse. 
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(9) APPENDICES—ENERGY DISSIPATION IN INDUCTION 
MOTOR CIRCUITS 
The rate of energy dissipation, in watts, occurring in the 
secondary circuit of an induction motor producing a torque of 
T lb-ft at a fractional slip of s is 


Qn x 746 
33 000 


where N, is the synchronous speed of the motor in revolutions 
per minute. 

Hence, the energy dissipated, in joules, in the secondary circuit 
when the slip changes from s, to s, during the interval of time 
t, tO fp, is 


N.T5.= 0-142 NTs. pou des (A) 


te 
= | 0: 142N Teche eae amen) 


In the particular case of an inertia or “dead” load, having an 
equivalent moment of inertia Jlb-ft? at the motor shaft, and 
when torques due to friction and windage, harmonics and stray 
losses are neglected, 

2 a dN 
PS= == OS si/—— ie SERS 
~ 60g dt dt @) 
where WN is the actual speed of the motor at any instant and is 
given by 


N=N,1 —s) 
dN ds 
Thus OP are te N. Tht 


and, by substitution in eqn. (3), 
Tat =s— 000325 NAS mm 0 Ge ne) 
Hence, from eqns. (4) and (2), 


W’ = — 0-00046IN2| sds 


Sy 
ie. W’ =kNA2—-3 . . . . . ©) 


where k = 2307 x 10-6. Evidently, eqn. (5) expresses the loss 
in the more practical units of watt-minutes when the constant k 
is reduced to 3-817 x 1076. 

The particular value of W’ when s, = 1 and s, = 0 (i.e. when 
the induction motor is accelerated from standstill to full speed) is 


Wy = kN2 . (5a) 
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and, since the effect of torques due to friction, windage, har- 
monics and stray loss are neglected, it is termed the “ideal” 
secondary-circuit loss. 

It will be seen, from the well-known equivalent circuit of the 
induction motor, that when the primary circuit is connected to 
an a.c. supply and the magnetizing current is neglected, the total 
energy dissipated in the motor circuits, in joules, is 


W=(1+R/R)W’ 
ie. W = KN~1 + R,/Ro)(s? — 53) . (6) 


where R, is the resistance of the primary winding per phase, 
and R; is the resistance of the secondary winding referred to the 
primary winding per phase, in ohms. 

Similarly, it can be shown that the total energy dissipated, in 
joules, in the motor circuits when d.c. dynamic braking is used 
to reduce the speed from N, to N2r.p.m. is 


W = k(N? — N3)\(1 + R,/Rp) - (7) 


when the magnetizing reactance of the primary winding is large 
compared with the values of «/(2R, R2) and the equivalent leakage 
reactance of the secondary winding. 

Also, when an a.c. supply is connected to an asymmetrical 
arrangement of the primary windings to provide equal positive- 
and negative-sequence phase voltages of the motor, and the value 
of Ry is greater than the total equivalent leakage reactance of 
the motor to give braking down to standstill, it can be shown 
that the total energy dissipated, in joules, in the motor circuits 
may be taken as 


W= Eng = $2) + 2s) —5,) FZ log, = “Ha + R,/R>) 
fats2 


(8) 


The above form of braking may be referred to as the asym- 
metrical a.c. method. 

Again, when the zero-sequence connection of the primary 
windings is used for braking at speeds greater than one-third of 
the synchronous speed, it can be shown that the total energy 
dissipated in the motor circuits, in joules, may be taken as 


kN2 


Ww= ‘| 63 $2) 92 (87 —"S9) 1 2logs , 


nS 
“Ja + R,/2R>) 
il 
; = (2) 
where the slips, s; and s2, are referred to the zero-sequence syn- 
chronous speed of N,/3. 
It may be noted that, in deriving eqns. (8) and (9), it has been 
assumed that the secondary resistance is independent of frequency. 


This assumption involves little error in the case of high-resistance 
squirrel-cage and slip-ring rotors. 


(9.1) Starting of Single-Speed and 3 : 1 Dual-Speed Motors 


In accelerating from standstill (s; = 1-0) to full speed (s, ~ 0) 
in the case of a single-speed p-pole motor, the energy dissipated 
in the motor circuits is, from eqn. (6), 


W, = kN2A1 + R,/Ro) . (10) 


In accelerating as a 3p-pole motor from standstill to full speed 
(approximately N,/3), the energy dissipated in the motor circuits 
is, from egn. (10), 


W = K(N,[3)° + Ri/R,) = W,/9 . (11) 


Further, in accelerating as a p-pole motor from a speed of 
N,/3, i.e. a slip of s; = 2/3, to full speed (s, ~ 0), the energy 
dissipated in the motor circuits is, from eqn. (6), 


W3 = kKN2(1 + R,/R2)(2/3)2 = 4W,j9 (12) 
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Hence, in accelerating as a dual-speed motor from standsti 
to the full speed of approximately N,, the energy dissipated | 
the motor circuits is, from eqns. (11) and Dye 


W, = S19, di 


That is, the energy dissipated in the circuits of a dual-speq 
motor in accelerating from standstill to the full speed, of approxi 
mately N,, is 55:5% of that for a single-speed motor. 

| 
| 

(9.2) Stopping of Single-Speed and 3 : 1 Dual-Speed Motors | 

When the method of plugging or reverse connection is used 1 
decelerate a single-speed p-pole motor from near synchrono® 
speed (s, ~ 2) to standstill (s) = 1), the energy dissipated in ti 
motor circuits is, from eqn. (6), 


W;=kNA1+R/R\4—-1)=3M%, . . GE 


For the same speed range with d.c. dynamic braking, i 
energy dissipated in the motor circuits is, from eqn. (7), 


W, =KN21 + RJR) = Wy. oe 


In the case of the asymmetrical a.c. method of braking, ‘#) 
energy dissipated in the motor circuits increases indefinitely, 
the speed approaches zero, in the hypothetical case of negligit| 
frictional torque. It can be safely assumed that the brakis 
effect of the frictional torque is sufficient to bring the motor | 
standstill when the disconnection of the a.c. supply is delay, 
until the speed falls to 4% of full speed. Thus, the ener 
dissipated in the circuits of the dual-speed motor, operating «| 
the larger pole-number, may be taken, from eqn. (8), as 


W, = kN23°23 + 5-76 + 2 log, 251 + R/R)/9 | 
Le. W, =1-7kNA1 + RJR) =1-7W, 2. © 


In the case of zero-sequence braking of a single-speed moi} 
from full speed to one-third speed, the energy dissipated in t 
motor circuits is, from eqn. (9), 


Wy = KN2~4 + 4 + 2 log. 0-333)(1 + R,/R>)/9 
i.e. W, = 0-641 + R,/2R.)W,/ + R,/Ro) . 


Similarly, in the case of regenerative braking with the 3 | 
pole-changing motor from the higher to the lower synchronc( 
speed, the energy dissipated in the motor circuits is, fre 
eqns. (6) and (10), 


Wo =4W,J9. oe 


Thus, assuming that the residual kinetic energy of one-ninth 1| 
initial value is dissipated in mechanical braking, when : 
regenerative and zero-sequence methods are utilized, the relat} 
energy dissipated in the circuits of a high-resistance type : 
induction motor (R2/R, = 3, say), with alternative methods 
braking from full speed to standstill, have been calculated fre) 
eqns. (14)-(18) and are shown in Table 1. 

It may be noted that a high-resistance type of motor has bel. 
considered since it is customarily used for frequent start-st) 
drives to obtain high braking and starting torques, and to redi 
the energy dissipated in the motor circuits. 


(9.3) Combined Start-Stop Cycle of Single-Speed and 
3:1 Dual-Speed Motors 


The start-stop cycle of a single-speed motor has an ene 
dissipation in the motor circuits expressed by eqn. (10) plus ti 
expressed either by eqns. (14) and (15), or by eqn. (17), accord) 
as plugging, d.c. dynamic braking, or zero-sequence braking} 


used, respectively. Similarly, eqn. (13) and either eqn. (16) or 
eqn. (18) are used for asymmetrical a.c. or regenerative braking, 
respectively, in the case of a 3:1 dual-speed motor. Thus, the 
relative energy dissipations in the circuits of a high-resistance 
type of induction motor (R2/R, = 3), per start- and stop-cycle, 
may be shown as in Table 2. 

@ 
's (9.4) Reversal Cycle of Single and 3 : 1 Dual-Speed Motors 
In the case of a single-speed motor, the energy dissipated in the 
Motor circuits in changing from full speed forward to full speed 
backward by the method of plugging is, from eqns. (14) and (10), 
' Wy = 3W, + W, = 4W, (19) 
: When d.c. braking is used from full speed forward to approxi- 
mately standstill, followed by motoring to full speed backward, 


the energy dissipated in the motor circuits is, from eqns. (15) 
and (10), 


Wo = W, + W, = 2W, (20) 
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When zero-sequence braking is used from full speed forward 
to approximately one-third speed forward, followed by plugging 
to full speed backward, the energy dissipated in the motor circuits 
is, from eqns. (17) and (6), 


W,, = 0°6W, + 1°6W, =2-2W, . (21) 
in the case of a high-resistance type of rotor (i.e. R>/R, = 3). 

In the case of the 3 : 1 dual-speed motor, when regenerative 
braking is used from the higher to the lower synchronous speed 
forward, followed by plugging on the higher pole-number 
winding to the lower synchronous speed backward, and accelera- 
tion on the lower pole-number to full-speed backward, the energy 
dissipated in the motor circuits is, from eqns. (18), (14) and (13), 


A a MANERA dA AN (22) 


Thus, the relative energy dissipations in the circuits of the 
motor, per reversal cycle, may be shown as in Table 3. 


[The discussion on the above paper will be found on page 316.] 
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SUMMARY 

The paper describes the development of a new 3:1 pole-changing 
induction motor with one 3-phase winding only, in which the per- 
formance and rating of a given machine frame for each speed are in 
all respects nearly equal to the best values that could be obtained 
from the same frame if it were wound in a normal manner for that 
speed only. The comparison is equally favourable both for torque 
ratings and for continuous horse-power ratings, and the machine is 
free from the crawling torques common in pole-changing motors. 
The number of control leads (eleven) is not unduly large, and the 
switch controller required is relatively simple. 

A simple pole-changing winding which gives a high performance 
for a 2:1 speed ratio is well known and widely used, and it seems 
probable that the development of a winding giving even better per- 
formance for a 3:1 speed ratio will find many applications, once its 
existence is generally known. It is believed that this is the first time a 
satisfactory winding of this type has been devised, although several 
comparable but unsatisfactory variants have previously been proposed. 


LIST OF PRINCIPAL SYMBOLS 


= Peak number of magnetizing turns acting on pole centre. 
= Peak magnetomotive force for current vector position I, 
AT/pole. 
h, = Peak m.m.f., for current vector position I, AT/pole. 
n = Number of conductors per pole per phase in the complete 
winding for the lower number of poles. 
I, = Current (r.m.s.) per phase, amp. 
I = Peak current per phase, amp. 
@ = Electrical angle, rad. 
m = Order of harmonic. 


Ti 
h 1 


(1) INTRODUCTION 


In a companion paper,! one of the authors has described 
various theoretical aspects of zero-sequence and 3rd-harmonic 
fields. The present paper discusses the application of this theory 
in what is believed to be the first satisfactory 3 : 1 pole-changing 
winding,” using only one winding for both speeds. The theore- 
tical principle of pole-tripling is well known,?-+ and there have 
been various attempts*> at producing a winding to use this 
effect, but the results have all suffered from one defect or another, 
in particular from crawling torques> or from a low rating, for 
the particular machine frame, at one or other of the two speeds. 

The machine here described has been proved by full tests to be 
thoroughly satisfactory in operation, being almost immune 
from the usual defects of pole-changing machines, and giving 
very nearly the full frame rating for both speeds. In the course 
of the development of the machine to its final form, a number 
of interesting theoretical and practical points arose and they 
are discussed in some detail in the paper. 


(2) PROTOTYPE POLE-TRIPLING ARRANGEMENT 


Several previous papers!,3.4.5,6 have discussed pole-tripling 
effects, some of them in considerable detail. In brief, if an 
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. | 
alternating voltage is applied at one corner of an open-delta 
connected 3-phase winding, a pulsating field is set up havi 
three times as many poles as the normal for the delta winding 
If the rotor of a squirrel-cage machine, in which there exist 
such a pulsating field, is given an initial start, the machine wif 
run as a single-phase induction motor at a speed correspondisy 
to three times the normal number of poles, ie. at one-third tal 
normal speed. There are, however, obvious objections to thi 
use of such a scheme for pole-changing. It is single-phase: | 
has no self-starting torque; it has an m.m.f. wave of inferic 
shape; and the permissible applied single-phase voltage is abey 
two-thirds of the normal line voltage of the machine. Fig. | 
shows the m.m.f. waveform for a series-connected 3-phas 

winding having one, two or three slots per pole per phase, ami 
it will be seen that, at best, it has a very large harmonic conten, 
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Fig. 1.—Distribution of turns and m.m.f. of 3-phase full-pitckl 
winding, series-connected. 
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A delta winding fed at one opened corner is, of course, series- 


‘connected, in the sense that the voltage is applied to the three 


! 


k 


U 


phases connected in series in the same direction. 


(3) FIRST MODIFICATION: USE OF FULL WINDING 


_ To meet these objections and in the effort to develop a satis- 
factory 3 : 1 pole-changing winding, the winding arrangements 
shown in Figs. 2 and 3, together with the corresponding 
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Fig. 2.—Prototype 3:1 pole-changing winding. 60° spread; vector 
position I. 


(a) M.M.F. diagram and vector diagram with phase bands for 2 poles. 
(6) M.M.F. diagram and vector diagram with phase bands for 6 poles. 
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‘Fig. 3.—Prototype 3:1 pole-changing winding: 60° spread: vector 


position II. 


(a)}M.M.F. diagram and vector diagram with phase bands for 2 poles. 
(b)_M.M.F. diagram and vector diagram with phase bands for 6 poles. 
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current vectors and m.m.f. waveforms, were studied. The 
“mean lines’ shown represent the limiting values of m.m_f. 
produced when the number of slots is large. The winding is 
shown in Figs. 2 and 3 as a single layer, but a double-layer 
winding, which is the preferred arrangement in practice, was 
used throughout the tests. As is well known, for a full-pitch 
60°-spread winding only, the lower layer duplicates the upper 
layer, and the waveforms and circuit connections are unaltered 
by the change from single layer to double layer. 

In effect, the whole winding was divided into nine phase bands 
(A,B,C, : A2B2C, : A3B;C;) instead of three. This involved 
18 leads out—a rather large number for commercial use. 
Phases A,, B, and C,, taken together, form a standard 2-pole 
3-phase winding, except that the phase spread is only 20°. 
Phases A>, Bz and Cy, similarly form another 2-pole 3-phase 
winding, as also do phases A, B; and C;. Each of these 2-pole 
3-phase windings can be connected in series to give one single- 
phase winding with three times as many poles, as explained above. 
The spread of each resultant winding with respect to the larger 
number of poles is, of course, 60°. : 

Since the spacing A,A,—A, is 40° with respect to the 
lower number of poles, it is 120° with respect to the triple-pole 
system, and the three resultant single-phase windings, taken 
together, thus form a 3-phase winding with three times the 
fundamental number of poles. If, however, phase bands 
(+A, —B, +Ay), (+B, = C, + Bp») and (EC, as A; + C)) 
are connected in series, respectively, each of these groups becomes 


Ly +A +Ap 
000) 0000 
Le +B, Bo 
0QQ00 QOQQ 
3 +C4 


000) 0QQQ 


Fig. 4.—3 : 1 pole-changing winding. 60° spread. 


(a) Prototype winding. Connections for high-speed running. Full winding used. 


18 leads. 
(6) Modified winding. Connections for high-speed running. Two-thirds of wind- 


ing used. 13 leads. Ay, Bz and C2 carry no current. 


(c)@Modified winding. Connections for low-speed running. 13 leads, 
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one phase of a normal 60°-spread winding, and a normal 3-phase 
winding for the lower pole number is produced. The connec- 
tions of the nine phase bands for the two numbers of poles are 
shown in Figs. 4(a) and 4(c). As will be seen by reference to 
Figs. 2 and 3, the resultant winding is a full-pitch 60°-spread 
winding with respect to both pole numbers, and the m.m<f. 
waves are the ideal 3-phase shapes in all cases. 

The drawback of this winding, however, apart from the fact 
that 18 external leads are required, is the low flux density at 
the higher speed. Since the number of conductors per phase 
is the same for each connection, the flux density at the higher 
speed will be only one-third that at the lower speed, for star 
connection in both cases. 

Although this connection is shown by Richter,? it has no 
commercial use in this form. A very considerable improvement 
is, however, produced by delta connection at the higher speed, 
although even this gives only about 1/4/3 of the full flux and 
is therefore inefficient in torque rating. This might be no 
disadvantage in certain applications. 


(4) SECOND MODIFICATION: USE OF PART OF WINDING 
AND 60° SPREAD 


(4.1) Omission of One-third of Winding at the Higher Speed 


It was then decided to omit one-third of the winding at the 
higher speed, connecting each 60° phase band either with a 20° 
gap unwound in the centre, or with a 40° section wound con- 
tinuously, followed by a 20° gap. This reduction to two-thirds 
of the number of conductors increases the flux almost to normal. 
It is always possible so to reduce the conductors, since it is, of 
course, necessary to have 3 slots per pole per phase (or 6 or 9 or 
higher multiple) in the original winding if 3 : 1 pole changing is 
to be possible at all. 

To leave one-third of the winding out of commission at the 
higher speed may at first appear uneconomic, and in some 
senses it is, but only when judged against the theoretically 
perfect standard of 100% rating and performance at both speeds. 
Indeed, the optimum design of a 4-pole winding in a given frame 
will have less copper in it than a 12-pole winding for the same 
frame. But compared with 2:1 pole-changing windings, which 
have won wide acceptance, this 3 : 1 winding is certainly better; 
for example, it is effectively full-pitched for both numbers of 
poles, whereas the common 2:1 pole-changing winding has a 
chord factor of 0-707 at one speed, which in itself is nearly 
equivalent to wasting one-third of the total turns. 

The 20° sections excluded from each phase at the higher 
speed form one complete phase at the lower speed, and since it 
is now intended only to use them at the lower speed they can 
be permanently connected in series as shown in Figs. 4(6) and 
4(c). They could be wound with coils of pitch equal to one pole 
pitch of the greater number of poles. This would economize 
copper and increase both efficiency and rating, and it might 
reduce the leakage reactance due to end windings, though this is 
not certain, since much end-winding leakage is cancelled by 
mutual inductance between phases. This short-pitched variant 
has not been tested; it necessarily involves a more difficult 
winding in which two kinds of coil are used, but the possi- 
bility should be recorded. The basic method of using only 
two-thirds of each phase at the higher speed is shown in Fig. 4(5), 
where 13 leads are seen to be necessary, but it is possible further 
to reduce the number of leads to 9 by using some of the inter- 
phase connections for the higher speed also as series connectors 
for the lower speed. This reconnection is shown in Fig. 5, and 
the simple 6-gang switch needed to act as switch-controller for 
this pole-changing winding is shown in Fig. 6(a). The numerical 
marking of the two Figures is the same. 


Fig. 5.—3:1 pole-changing winding, 60° spread, with connectiva). 


nections. 


motor, it is always necessary to beware of possible crawli’ 
torques. 
structed, each pair covering the two usual current-vector pod. 
tions. 
having a 20° central gap in each phase band and the second p 
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modified to reduce number of leads to nine. 


(a) Connections for high-speed running. A2, Bz and C2 carry no current. 
(6) Connections for low-speed running. 


Continuous lines indicate fixed connections; broken lines indicate switch coq 
In prototype, 18 leads were brought to terminais. 


9 terminals shown thus © can be fixed connections. 
9 terminals shown thus @ must be brought out to leads. 
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Fig. 6.—Switch controllers for 3 :1 pole-changing. 


(a) 6-gang double-throw controller for pole-changing 60°-spread winding. 
Numbers as in Fig. 5. 


(6) 7-gang double-throw controller for pole-changing 120°-spread winding. 
Numbers as in Fig. 10. 


(4.2) Elimination of Crawling Torques 
In the examination of a proposed new winding for an inductii) 


Accordingly, two pairs of m.m.f. diagrams were cci 
The first pair was drawn for a normal 3-phase windil|’ 
for a similar winding having a 20° gap at the edge of each pha 
band. The resultant waveforms are shown in Figs. 7(a) and 7(( 


for the connection with a central gap, and in Figs. 8(a) and 8% 
for the connection with an end gap. As will be seen in Tabled) 
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Fig. 7.—M.M.F. waveforms of 60°-spread, full-pitch, double-layer, 3-phase winding, 40° spread used, 20° central gap, for currents 
as shown by vectors. 
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Fig. 8.—M.M.F. waveforms of 60° spread, full-pitch, double-layer, 3-phase winding, 40° spread used, 20° gap, for currents 
as shown by vectors. 
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Table 1 


HARMONIC MAGNITUDES FOR 2/3 COMPLETE WINDINGS 


M.M.F, harmonics 


With centre third omitted With outer third omitted 


= Sthindis 317 
+ 7th 9:0%* 
Ail liay sio7/GA 
+13th 0-4% 

See Fig. 7 


—Sth 14:1%* 
+7th 0:9% 
—1lth 0-4% 
+13th 2:1%* 
See Fig. 11 


= Stilt I oOyAY 
+7th 3:-8%* 
thal, 
sie tthe leye/, 
See Fig. 8 


=——Staeaall/ 
si fhly Bol 7 
ilihan © ikesyO7 
+13th 0:3% 

See Fig. 9 


The sign before each harmonic indicates the direction of rotation. 
: The asterisk (*) indicates those harmonics for which stable running could be 
: obtained experimentally. 


there was a serious 7th harmonic (9:0°%) with the 20° central 
[: gap, but only a much smaller one (3-8 %) with the 20° end gap. 

Fi Practice confirmed this theoretical analysis. Serious and 
incurable crawling occurred at any operating voltage with the 
20° central gap, whereas steady crawling occurred only below 
about half voltage with a 20° end gap. Raising the voltage 
towards normal in the latter case brought the motor to full 
“speed, though there was still some noise, and there would cer- 
tainly be a dip in the speed/torque curve. 

It was decided to abandon any idea of using a 20° central gap, 
and to circumvent the residual crawling tendency which occurs 
‘with the 20° end gap by casting a special aluminium rotor having 
‘a slot-skew equal to two 7th-harmonic pole pitches. This proved 
entirely successful in avoiding crawling torques at the higher 
“speed, but the heavy skew greatly reduced the torque performance 
-at the lower speed. The skew for the larger number of poles 
_ was necessarily equal to 6/7 of a pole pitch, giving a rotor 
‘chording factor of about 65%. Thus, although the machine 
with a specially skewed rotor gave something like ideal per- 
formance for the higher speed, the performance at the lower 
speed—which is likely to be more critical—was gravely worsened. 
‘Doubtless, use might be made of this arrangement, but it was 
Recided to try another and better variant which has proved very 


a 


(5) FINAL MODIFICATION: USE OF PART OF WINDING 
: AND 120° SPREAD 


(5.1) 7th-Harmonic M.M.F. and Effect of Slot Permeance 
&, 


: ‘The Fourier analyses given under Figs. 8(a) and 8(5) show 
the amplitude of the 7th-harmonic m.m.f. for the winding 

vith a 20° gap at the end of each 60° phase band is only about 

3-8°% of the fundamental, which is less than double the mag- 
inde of the 7th-harmonic m.m.f. present in every standard 
-pitch 3-phase winding. As is well known, the amplitudes of 
the harmonics in a standard winding diminish inversely as the 
‘Squares of their orders. It seemed surprising that this order of 
increase should cause so considerable a tendency to crawl, and 
e possibility that the slot permeance distribution was imposing 
a flux harmonic of a much higher relative magnitude than the 
m.m.f. harmonic was therefore investigated. Since there were 
nine slots per pole, the normal crawling harmonics would be of 
‘the 17th and 19th orders (m = 2s + 1, where s = the total 
number of slots per pole = 3, 6, 9, etc.), but the nine slots per 
pole were, in effect, divided into three slot-groups, each of three 
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slots, by the slots containing the conductors which were switched 
out of circuit. It therefore seemed reasonable to suppose that the 
permeance harmonics might be, in this case, not slot harmonics 
but slot-group harmonics, which would naturally be of the 5th 
and 7th orders and would account for any harmonics of these 
orders being relatively more pronounced in the flux wave. 

The matter is more fully discussed in Section 5.7, but it may 
here be mentioned that the conclusion stated there is that 
crawling takes place either when the m.m.f. harmonics are fairly 
large or when a moderate m.m.f. harmonic is exaggerated by 
permeance effects. 


(5.2) Changed Slot Permeance 


It was decided to investigate the effect of winding the machine 
with 120° phase spread, as in a true 3-phase winding, dividing 
this winding then into nine phase bands each of 40° phase spread. 
The new permeance distribution appeared likely to be much 
better, because one slot in three is filled with live conductors and 
the remaining two are half filled when 120° phase spread is 
used, as will be apparent from Figs. 9(a) and 9(b). There are, 
in this arrangement, no wholly disused slots. In principle, there 
seemed every reason to expect some reduction of 7th-harmonic 
effects by using 120° phase spread. 


(5.3) Reduction of 7th-Harmonic M.M.F. 


The m.m.f. waveforms for this new winding with 120° total 
phase spread, including a 40° end gap, are shown in Figs. 9(a) 
and 9(b) for the two typical vector positions, and the Fourier 
analysis shows that the 7th-harmonic m.m.f., although still the 
largest harmonic, is substantially reduced as compared with the 
value for 60° total phase spread, and is now about 3:1%. This 
in itself is a contribution to the reduction of 7th-harmonic 
torques, which will accentuate the effect of improved permeance 
distribution, but it is impossible to suppose that the striking 
practical improvement experienced was entirely due to the reduc- 
tion of 7th-harmonic m.m.f. from 3-8% to 3:1%. It must 
also be due to more satisfactory permeance distribution. 


(5.4) Performance of Machine with 120°-Spread Winding 


There was, in fact, no suspicion of crawling at any voltage or 
at any speed, using a perfectly normal rotor with the usual skew 
of one stator slot-pitch. The magnetizing current for a given 
voltage was of course slightly higher (about 15°4) when the 
winding was reconnected for 120° phase spread. Some dis- 
cussion of the magnetizing currents in this and related cases is 
contained in a companion theoretical paper.! 

The short-circuit impedance for both numbers of poles was 
markedly less for 120° phase spread (roughly 25 % less) compared 
with that of the same winding connected for 60° phase spread, 
and the torque rating would be correspondingly better. In 
addition, it is clear that the current distribution shown in Figs. 
9(a) and 9(b) is very much better thermally than that of Figs. 
8(a) and 8(b). With 60° spread, two-thirds of the slots are fully 
loaded and one-third carry no current; with 120° spread one- 
third are fully loaded and all the remainder are half loaded. 

The winding as connected for the lower speed produces the 
normal m.m.f. waveforms associated with a 120°-spread 3-phase 
winding, which are well known to be identical in numerical 
harmonic content with those for a 60°-spread winding, though 
the peaked m.m.f. waveform corresponds to the current-vector 
position when one phase carries no current, and the flat-topped 
waveform to the vector position when the current in one phase 
has its peak value. This is the inverse of the relationship for 
the 60°-spread winding. 

Full test figures for the machine with the 120°-spread winding 
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Fig. 9.—M.M.F. waveforms of 120° spread, full-pitch, double-layer, 3-phase winding, 80° spread used, 40° gap, for currents 
as shown by vectors. 
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are given in Section 6, but it may here be stated that the tests 
in general showed that a 3:1 pole-changing winding has been 
devised which is naturally free from crawling torques (and thus 
Tequires no excessive skewing to circumvent their effects) and 
which has a rating approaching 90°% of the maximum frame 
rating for either speed. 


(5.5) Connections of 120°-Spread Winding 


The nine phase bands are connected as shown in Fig. 10, 
which is closely comparable with the method used for the 


lL 


(6) 


‘Fig. 10.—3 :1 pole-changing winding, 120° spread, with connections 
° modified to reduce number of leads to eleven. 


- (a) Connections for high-speed running. A3, B3 and C3 carry no current. 
(b) Connections for low-speed running. 
Continuous lines indicate fixed connections; broken lines indicate switch con- 
nections. 
In prototype, 18 leads were brought to terminals. 
7 terminals shown thus © can be fixed connections. 
11 terminals shown thus @ must be brought out to leads. 


-60°-spread winding (Fig. 5) except that the middle phase groups, 
when series-connected for the lower speed, do not now have to 
be reversed with respect to the outer phase groups, since the 
‘spacing between adjacent groups is 120° with respect to the 
larger number of poles, and not 60° as before. This involves an 
‘increase in the number of leads from 9 to 11, and an addition of 
one gang to the switch controller shown in Fig. 6(6). The 
numerical markings of Figs. 10 and 6(b) correspond. 
It will be seen from Fig. 10 that, as before, one-third of the 
‘winding (an outer third of 40° spread) is omitted at the higher 
“speed; this third is permanently connected for the lower speed, 
and can be wound with a coil pitch reduced from one pole pitch 
of the lesser number of poles to one pole pitch of the greater 
number. 
(5.6) Omission of the Central 40° Section of Winding 


The substantial reduction in 7th-harmonic content produced 
by 120° phase spread, as compared with 60°, was found to 
extend also to the 120°-spread winding with its central third 
‘omitted at the higher speed, although at voltages below half 
normal voltage the machine still crawled, but this time on the 
13th harmonic, which is the next forward-rotating harmonic 
above the 7th. At higher voltages it pulled up to speed and ran 
normally, so that, overall, the crawling tendencies with 120° 
phase spread were less than with 60°, even with the middle third 
omitted. 
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These observed crawling effects were further studied by means 
of m.m.f. diagrams for this winding also, which are shown in 
Figs. 11(a) and 11(6). It will be observed from Table 1 that the 
predominating harmonics, by theory, are the Sth and the 13th; 
and it was found that, besides crawling on the 13th harmonic, this 
machine also exhibited in striking degree the reverse-crawling 
effect on the 5th harmonic, which is discussed in Section 9. The 
point is, however, only of theoretical interest, since the arrange- 
ment with the central gap, having a higher inherent harmonic 
content, would never be used for choice. 

It is probable that the improvements effected throughout all 
these tests by raising the voltage are mainly due to saturation in 
the slot-group permeance variations, though it is true that the 
trough of the dip in the speed/torque curve will be raised by 
increasing the voltage, and this would tend to pull the machine 
above crawling speed if the load torque were low. 


(5.7) Summary of Results with One-Third of the Winding Omitted 


The various results obtained, both for 60°- and 120°-spread 
windings, may be summarized as in Table 1. 

It will be observed that the harmonics, positive and negative, 
for which stable running was observed were either large m.m.f. 
harmonics 9%, 11°6% or 14°1%) or those harmonics of 
moderate size which were likely to be magnified by permeance 
effects. The main permeance harmonics for 60° spread are, as 
explained in Section 5.1, the 7th and 5th, but for 120° spread 
they are the 13th and 11th. This will be apparent when it is 
considered that in 60°-spread full-pitch windings the top and 
bottom of any one slot are in the same phase, whereas in 120°- 
spread full-pitch windings they are in different phases. This 
clearly doubles the effective number of slot groups and raises 
the orders of the permeance harmonics correspondingly. 


(6) DETAILS OF TEST MACHINE AND TESTS 
(6.1) Design Details 


The motor as supplied was a standard industrial 4-pole, 
totally enclosed, fan-cooled machine, the stator slots being 
wound with exactly full-pitch double-layer coils, suitable for 
delta connection on a 700-volt 3-phase 50c/s supply. There 
were 36 stator slots, and the individual stator coil ends were 
left unconnected by the makers, so that the 72 ends could be 
brought to a special terminal board for connection in accordance 
with the various circuits it was desired to test. The actual 
winding diagram of the machine finally used is shown in Fig. 12, 
which is also marked numerically to correspond with Figs. 10 
and 6(d). 

A machine wound for excess voltage was deliberately chosen, 
in order that, when part of the winding was omitted, the machine 
would be suitable for about 440 volts. A normal cast-aluminium 
rotor was used with 48 slots skewed about one stator slot pitch. 
The nominal rating of the machine was as follows: 


700 volt; 3-phase; 50c/s; delta connected; 
Sh.p.; 1450r.p.m.; totally enclosed, fan-cooled; 50°C rise: 
continuous. 


(6.2) Results of Heat-Run Tests 


A series of heat runs on load, after reconnection in the way 
described in the paper, gave the following continuous ratings 
and performances: 


(a) 440 volts; 3-phase; 50c/s; 4-pole; delta-connected; 4:5 h.p.; 
1450r.p.m.; power factor 0°87; efficiency 84%. 

(b) 440 volts ; 3-phase; 50 c/s; 12-pole; star-connected; 0-8 h.p.; 
480r.p.m.; power factor 0-62; efficiency 60%. 


ree 
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Fig. 11.—M.M.F. waveforms of 120° spread, full-pitch, double-layer, 3-phase winding, 80° spread used, 40° ceritral gap 
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The fan fitted was of a small size, suited for the machine at 


1500r.p.m., and the general proportions of the machine were 


‘more appropriate to this speed than to the usual 12-pole form. 
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f Fig. 12.—12 :4 pole-changing winding, 120° phase spread. Winding 


diagram of final arrangement. 


T: Slot-top. 
B: Slot-bottom. 


A larger fan and a higher ratio of diameter to length would 
almost certainly increase the relative rating at the lower speed. 


_ Further, as explained in Section 4.1, the copper loss at the lower 
_ speed could have been reduced considerably by winding one- 


_ third of the coils of pitch 1-4, instead of 1-10, but limited manu-. 
facturing facilities precluded alterations of this kind and the 


efficiency at the lower speed was consequently rather low 
relatively. 

The standard machine ratings of a leading manufacturer give 
a ratio of rated power outputs for a.given frame of this size 
for the same two speeds of about 5 : 1, and the pole-changing 
motor, even though not designed for this purpose, has approached 
very nearly to this accepted commercial performance. Further, 


the power factors obtained are almost identical with those in 

_ the rating lists of the same manufacturer, and the efficiency at 
_ the higher speed is also fully up to normal. 
lower speed is rather less. 


The efficiency at the 


Whilst it is thus true that the continuous rating and efficiency 
at the lower speed are slightly less than might have been hoped 


_for from a given frame, it is none the less true that in many 


possible applications speed reduction might also be required for 
intermittent use, in which case the point would be of no conse- 
quence. An entirely new arrangement is under development 


which may meet even this slight objection, besides serving other 
_ independent purposes. 


(6.3) Torque from Short-Circuit Tests 


The usual short-circuit tests were carried out, and the pull- 
Out power was deduced in the normal manner. The results 


were as follows: 


4-pole Pull-out power = 7:2h.p. PEEL 
Full-load power = 4:5h.p. Sa 

12-pole Pull-out power = 1-66h.p. Ratio: 2:1 
Full-load power = 0-8h.p. peek 


As previously explained, the ideal full-load power rating in 
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the 12-pole condition is probably rather higher than the above 
figure, because the machine frame was not normally intended 
for this low speed. 

It is worth remarking that the short-circuit reactance, both 
for 4-pole and 12-pole connections, was about 20% less with a 
120°-spread winding, than with a 60°-spread winding, and the 
pull-out power was correspondingly increased. This was a 
welcome improvement, much greater than expected, which goes 
far to offset the increase in magnetizing current brought about 
by increased phase spread. 


(7) EARLIER WORK ON 60°-SPREAD WINDINGS 


After the modifications discussed in Section 4.1 had been 
tried, the authors’ attention was directed to an arrangement 
already patented by Mayer.° The patent makes no allusion to 
the subject of crawling torques or to the necessity of skewing 
the rotor by an unusually large amount to eliminate them. 
Mayer’s patent specification also proposed an arrangement for 
using only one-third (20° spread) of the winding at the higher 
speed; this connection has been tried experimentally, and the 
harmonic content calculated. Theory and experiment both 
revealed such high 7th-harmonic torques that the machine 
failed to reach full speed, and even when the specially skewed 
rotor was fitted the crawling still persisted, although the torque 
was weaker. The finite width of the bars, and the inexact con- 
struction, of the skewed cage left it still slightly responsive to 
7th-harmonic fields, even though in theory it should be wholly 
insensitive to them. 


(8) A POSSIBLE SLIP-RING MACHINE 


All the tests were carried out with a squirrel-cage rotor, and 
it is expected that this form only is likely to find favour in 
practice, but it is worth noting that a 3 : 1 pole-changing arrange- 
ment can be wound very simply for a slip-ring rotor with three 
rings, if it is desired to introduce rotor resistance only for 
operation with the larger number of poles. For the smaller 
number of poles, the arrangement described below acts as an 
internally short-circuited winding, i.e. as a squirrel-cage winding. 

The rotor can be wound 2-phase, with six phase bands 
connected into two groups of three in parallel, the three bands 
in each group having 277/3 spacing with respect to a 4-pole field 
and 27 spacing with respect to a 12-pole field. With respect 
to 4 poles each group is short-circuited on itself; with respect 
to 12 poles each group generates a terminal voltage, and the two 
groups have 7/2 spacing and act as a 2-phase rotor. 

In effect, the arrangement discussed in the paper can be adapted 
for 2-phase purposes, as described by Liwschitz-Garik?; but it 
would be equally possible to use the equivalent 3-phase rotor, 
though this would necessarily have 36 or 72 slots on both stator 
and rotor, and would therefore be undesirable if alternatives were 
available. It has, however, been thought appropriate to mention 
Liwschitz-Garik’s paper,* since it seems to be the earliest publi- 
cation foreshadowing the practical use of the principle. The 
primary windings used by Liwschitz-Garik were, however, 
standard independent windings of 3 :1 pole ratio. 


(9) AN EXAMPLE OF REVERSE-CRAWLING 


The winding with 60° total spread, and a 20° gap at the edge 
of each phase band, can be seen from the Fourier analyses. 
[Figs. 8(a) and 8(5)] to have a heavy 5th-harmonic field. As is 
well known, harmonics of the order (6m — 1), where m = 1, 2, 3, 
etc., rotate in the opposite direction to that of the main field 
rotation, whereas harmonics of the order (6m + 1) rotate in the 
same direction. 

The existence and strength of the Sth-harmonic field in this 


316 


case was elegantly demonstrated by starting the machine (with a 
normal rotor) in one direction, switching off, and then switching 
on the supply in the reverse sequence, as the speed passed through 
one-fifth of synchronous speed. The machine continued to run 
steadily at this speed, in the reverse direction to that of the main 
field. If the main switch were then opened for a brief instant 
and reclosed, the machine ran through standstill and up to 
one-seventh of synchronous speed in the forward direction, thus 
showing the simultaneous existence of a backward S5th-harmonic 
crawling torque and a forward 7th-harmonic crawling torque. 
In order to obtain the initial start, the full winding was used, 
and the 20° phase band at the edge was cut out while the machine 
was running synchronously. 

It is not suggested that this phenomenon is likely to have any 
application, but is of interest as an instructional demonstration. 
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DISCUSSION ON THE ABOVE THREE PAPERS BEFORE THE UTILIZATION SECTION, 
16TH FEBRUARY, 1956 


Dr. W. J. Gibbs: One of the striking things about these papers 
is the evident fact that two separate groups of people working 
in two separate universities have applied their efforts to exactly 
the same problem without collaboration or even consultation. 
It suggests that there must be a clamorous demand for 3: 1 
pole-changing motors. However, the importance of these papers 
does not rest solely on whether the motors described in them 
meet an immediate need; it rests mainly on the degree to which 
they contribute to our knowledge and our understanding. 

In their paper on theory and characteristics, Messrs. Barton, 
Butler and Sterling are not sufficiently precise in their statements. 
They do not make it clear that every constant-torque motor of 
their type must have a transformer, the necessity for which will 
not add to the popularity of the motor. Later on they say that, 
for constant-torque drives using a compromise magnetic circuit, 
a slight increase in frame size may be necessary. ‘May’ and 
‘slight’? are woolly words, and in fact an increase in frame size 
cannot be avoided. Frame sizes increase in jumps which are 
by no means slight either in rating or in cost. In their second 
paper the authors are more precise and more realistic. 

Prof. Rawcliffe and Mr. Jayawant are more modest in their 
claims, and say that the output of their motor approaches 90% 
of that of the corresponding single-speed motor, but the word 
‘approaches’ is not precise. They avoid the transformer by 
omitting part of the winding in the high-speed connection, and 
this seems a better idea, especially since it simplifies the switching 
arrangements. The difficulty they had with crawling is not sur- 
prising; this is a troublesome phenomenon even in single-speed 
machines, and it is inevitably more troublesome in change-pole 
motors, where some of the known remedies such as slot skew 
have to be compromises between the optimum values for the two 
pole numbers. 

Undoubtedly there is a demand in certain applications for a 
3: 1 change-speed motor, a demand met hitherto by a motor 
with two separate stator windings. Both sets of authors are 
quite right in claiming that their single-winding designs must 
produce a cheaper motor, but they should be warned that the 
reduction in cost can be completely wiped out if the switching 
arrangements are complicated. The two-winding motor has 
very simple switching arrangements, so much so that in the 2:1 
range where both types are available the two-winding motor is 
occasionally preferred to the single-winding motor just for this 
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components, and to Mr. A. Walsh, Consulting Engineer, Metro- | 
politan-Vickers Electrical Co. Ltd., for helpful advice. | 
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reason. Unless the authors give this matter close attention they 
can lose the major advantage of their machines. When present | 
ing the paper by himself and Mr. Jayawant, Prof. Rawcliffe |) 
described a yet newer type of motor with more than two speeds 
For the 3 : 1 speeds he said that only six terminals are required. 
My opinion is that the reduction of terminals to six will make | 
switching so much simpler that the motor will be preferable te | 
the present one even though the rating falls by 10%. 
Both sets of authors make an attempt to compare favourably | 
their machines with single-speed motors. The true comparison | 
is with the 2:1 change-speed motor, and the main field of 
application must overlap that of the 2:1 motor. It is unrealistic : 
to try to equate the cost of a two-speed motor with that of a: 
single-speed motor. Not only is there the increase in frame }| 
size, not made any the less by the introduction of the word| 
‘slight’, but even for the same frame size the cost will be higher. | 
This is because they are special machines and in the design of ' 
such machines the slightest deviation from the norm is expensive. . F 
Mr. W. Hill: As a designer of induction motors I have tried | 
to replace machines which had two windings by change-pole}) 
machines, but I have been told that this would always be more: 
expensive. 
The penalty exacted for having two windings in one slot is; 
only the increase of the stator copper loss. Apart from constant 
losses a large number of additional losses in induction motors 
are high-frequency losses—which can be as much as 4-10% of 
the total input to a machine; this fact explains that the two- 
winding machine requires only a very small increase in size. 
Prof. Rawcliffe and Mr. Jayawant used an uninsulated cast- i 
aluminium rotor with the number of rotor slots exceeding thati 
of the stator slots by more than 30%. From the diagrami 
they produced, Mr. Butler and his colleagues appear to use? 
a copper rotor, possibly with insulated bars and slots. There- 
fore, even as straightforward machines, the former is more} 
likely to have a tendency to crawl than the latter. 
The influence of insulation and the number of slots is clearly)| 
stated by Alger,* who says that the number of rotor slots must? 
fall within certain limits. Both machines described exceed that 
limit by a large amount. 
The addition of one or two oscillograms as records of speed/ 
torque curves would have been preferable to plotting readingss 


* ALGER, P. L.: ‘The Nature of Polyphase Induction Machines’ (1951, p. 174). 


from d.c. machines. The latter introduces additional stray-load 
losses whereas an oscillogram record would show up the harmonic 
torques and would give reproducible measurements. 

5 Industry will be greatly interested in the motor having only 
Six leads, which Prof. Rawcliffe says is shortly to be produced. 
But unless the control-gear arrangements are simple, customers 
will not have any inducement to order this type of machine. 
| If there is no insulation on rotor bars the skew reactance is 
Teduced considerably. Here again the difference between the 
two machines explains the fact that Prof. Rawcliffe does not 
mention skew reactance as a, cast-aluminium rotor has no 
insulation on the rotor bars. 

In industry, in trying to design machines, we are finding it very 
difficult to make up our own minds as to what really happens 
in induction motors. Prof. Rawcliffe and Mr. Jayawant, for 
instance, tell us in their paper that the torque is produced in the 
rotor bars. Even in industry we know that the torque is on 
the iron. 
It is not that we cannot predict what is happening—that can 
‘be done very accurately—but we know that we are using 
analogies which in themselves may be obstacles to further 
advance. So far as I know, the way in which torque is produced 
in an induction motor has been glossed over in the literature of 
this and every other country. We should appreciate it if we could 
have something on that score in some future paper. 
_ Prof. F. C. Williams: In a recent paper* Mr. Laithwaite and 
‘I described a machine which gave a continuously variable speed 
-between limits, convenient limits turning out to be between 2 
‘and 3:1. It is therefore obvious that we shall have an interest 
‘in a pole-changing scheme to extend this range. Our machine 
might be regarded as an interpolating mechanism between the 
fixed-speed and the pole-changing system. 
_ In the design of our own machine we found considerable 
difficulty in getting enough copper into the stator. Therefore, 
to put two windings instead of one aggravates the difficulty. 
The authors have produced a scheme which enables the winding 
space to be used more efficiently and gives less stator resistance 
while still having the facility of the 3:1 change. We should 
be glad if the authors could tell us the effective stator resistance, 
using two separate windings and using this special winding 
arrangement. 
_ Prof. Rawcliffe refers to the m.m.f. curves when certain of the 
‘stator parts are left disconnected. The so-called ‘short stator’ 
‘that we have grown familiar with in our machines consists of 
a stator winding of limited length used in conjunction with a 
rotor which is not of limited length. In such machines, the 
current in any given rotor bar does not fall to zero at the instant 
it leaves the stator, and therefore there is an m.m.f. operating 
at points outside the limits of the stator. In working out his 

‘m.m.f. curves I think Prof. Rawcliffe has assumed there was no 

m.m.f. over the unwound parts of the stator. Has he any 
‘thoughts on how rotor current might have influenced the m.m.f. 

in his machine when running? 

Mr. P. Huggins: One point which is not entirely without 
importance is the extent to which a 3: 1 pole-changing motor 
with a single stator winding can, with advantage, be used instead 

of the conventional 3:1 motor with its two separate stator 

windings. It may work out in much the same way as it has 
done with 2:1 pole-changing motors, where it is a matter of 
weighing the greater simplicity of wiring and control-gear needed 

With two separate windings against slight savings in total cost, 
motor size, motor weight and efficiency obtainable with a single 
stator winding. It would be interesting if the authors could give 
us some comparative costs in respect of their 3 : 1 motors. 


“ay Wiis, F. C., and LarrHwalte, E. R.: “A Brushless Variable-Speed Induction 
Motor’, Proceedings I.E.E., Paper No. 1737 U, November, 1954 (102 A, p. 203). 
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Prof. Rawcliffe states that at top speed on his experimental 
motor the de-rating for pole changing is only from 5b.h.p. to 
43 b.h.p. Since I cannot see how it is possible to omit one-third 
of the stator winding without having to de-rate substantially more 
than 10%, I would inquire whether temperature runs were taken 
on the motor as a normal 5b.h.p. single-speed motor and on 
44b.h.p. as a 3:1 pole-changing motor to prove that the tem- 
perature rise was, in fact, the same under both conditions. 

The output powers quoted by Prof. Rawcliffe for the two 
speeds have the peculiar ratio of 5:6 : 1, which represents 
1:85: 1 in terms of torque. How does he propose to get 
appreciably away from this ratio where the drive demands some- 
thing quite different—such, for example, as constant torque? 

The authors’ scheme for braking to standstill by what may 
be termed ‘single-phase injection’ is particularly interesting. As 
the authors explain, it necessitates a special rotor which can 
take one of three forms. Their description of one as ‘a high-resis- 
tance rotor’ tends to be misleading in that the resistance needs 
to be much higher than that associated with the general run of 
high-resistance rotors. j 

I must query a statement in the summary of the paper by 
Prof. Rawcliffe and Mr. Jayawant, namely that ‘the machine 
is free from the crawling torques common to pole-changing 
motors’. By suitable slot numbers and suitably distributing the 
stator winding, 2:1 pole-changing motors are made to exhibit 
a ratio of minimum running-up torque to static torque which 
is up to the same standard as single-speed motors. Much 
experience of this was gained during the years 1929-33 in the 
production of 2:1 pole-changing 25/50c/s dual-frequency 
motors in anticipation of frequency standardization. 

Prof. J. E. Parton: The coincidence of the same idea having 
been pursued independently in two centres unbeknown to each 
other has been referred to by other speakers. Apart from the 
remarkable nature of this coincidence the thing which interests 
me most is the underlying theory of pole-changing. Casting 
one’s thoughts back over the many papers on pole-changing 
produced in the last fifty years, there is the 2 : 1 consequent- 
pole system, the coil regrouping method, Hunt’s special super- 
posed windings, the Creedy phase-change method and now this 
3 : 1 system. 

Such apparently diverse ways of effecting pole-change would 
lead one to suspect that there is a common underlying theory 
embracing all. One such theory appears to be that of ringing 
all the possible sequence changes of a polyphase system of 
a high order. Starting with a 3-phase system the possible 
connections are those for positive (sequence-1), negative 
(sequence-2) and zero sequence (sequence-0, or -3). These 
give magnetic fields moving at +1, —1, and 0 times synchronous 
speed respectively. 

Table A gives the speed of the greatest component of m.m_f. 
for windings fully pitched, for the various sequence connections 
of a few of the odd-integer lower-order polyphase systems. 
From this Table it can be seen that the 3rd or 6th order of a 
9-phase system gives m.m.f. of speed + 4 or — 4 of synchronous 
speed. Now the 3rd- or 6th-sequence order of a 9-phase system is 
the positive- or negative-sequence 3-phase system. Hence 3-phase 
voltages applied to a 9-phase winding in 3rd- or 6th-sequence 
order will give m.m.f.’s of +4 or —4 of synchronous speed. 
This is the basis of the two machines described in the papers. 
I should very greatly like to try out one or other of these two 
machines with a 9-phase supply. It seems probable that four 
different speeds could be obtained. 

Systems of even phase number can be introduced into Table A; 
and also m.m.f.’s with even fractions (4, 4, 4, etc.) of synchronous 
speed can be produced only if the windings are not fully pitched 
for the smaller pole number. In the 1 : 2 pole-change system 
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the pitches would be, say, of 120° to 240° or, as is more common, 
90° to 180°. This is necessary in order to introduce the even 
harmonics in the m.m.f. waveforms. It is possible that the 
6 : 3:2: 1 pole-change machine which Prof. Rawcliffe is deve- 
loping could be the 3 : 1 system with under-pitched coils to give 
the even harmonics for halving both speeds by the consequent- 
pole method. 

At present there is some possibility that all the known pole- 
change schemes will fit into a general theory such as I have 
described, and I shall look forward with great interest to seeing 
Prof. Rawecliffe’s new motor, particularly if it falls outside this 
general theory. 

Mr. G. Redfern: I feel that the comparison of these 3 : 1 
pole-changing motors with single-speed motors is misleading. 
I feel with one of the previous speakers that the conclusion that 
no loss of output is suffered may be due to the fact that the 
authors have not been so conservative in their ratings as the 
manufacturers. 

With regard to a comparison with the conventional 3 : 1 two- 
winding machine, it would be accepted, I think, that the maximum 
increase in frame size from the machine described would be one 
frame size larger in diameter. I base that on the reasoning that 
the rotor diameter and the core length would be the same as 
for the two-winding machine, and the larger outer diameter 
would provide ample winding space for the extra copper. This 
would be a better starting-point for economic comparison, which 
must take into account the much more expensive control-gear. 

This method of economic comparison would be far better than 
looking at manufacturers’ lists, because of the confusion that 
arises on account of their conservative rating and the possibly 
less conservative rating of the authors. 

Dr. Barton and his colleagues discount the effect of larger 
overhang on the low-speed winding because of the increased 
cooling areas. This cannot be discounted on totally enclosed 
fan-cooled motors, which are very popular for machine-tool 
drives. 

The use of change-pole induction motors for reducing reversal 
losses is new to me. 
applications, but I do not think these need be restricted to the 
particular 3 : 1 pole-changing arrangement suggested, especially 
since the larger rotor diameter which is mentioned in the paper 
is in My opinion not necessary on the arguments I have previously 
put forward. 

One other point which struck me was the demonstration of 
the value of Alger’s overhang leakage reactance formula, and 
I thought the application well demonstrated. Anyone would, 
I am sure, have been very hesitant to apply any empirical formula 
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I would agree that it possibly has great _ 


to the end-winding calculations on the third-speed winding} 
Indeed, I doubt whether even Alger thought of such a peculiai 
case as this. I was not satisfied until I had checked through 
the derivation. I wonder whether Mr. Butler and his colleagues 
had the same doubts. 

Mr. E. W. Krebs: Since all the papers seem to start from thi 
premise that no 3:1 pole-change single winding with a reaso: 
able number of terminals existed previously, I should like t 
draw the authors’ attention to a two-speed winding which 
developed some 20 years ago.* This winding, which has 1 Cf 
spread and generally requires 12 terminals (see Fig. A), is suit 
able for any pole ratio, although it is most useful for sma: 
ratios of 3:2, 4:3, etc. The harmonic content of the fiel) 


Fig. A.—Single pole-changing winding with 12 terminals, delta-deh 
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Fig. B.—Tested speed/torque curve of double-cage motor; winding) 
as above. 


curve is approximately—in the example of Prof. Rawcliffd) 
paper, exactly—the same as for separate windings; according), 
tested speed/torque curves (see Fig. B) show no dip at all. 
My comments on the first paper will be confined to the folloy) 
ing points: The number of terminals should always be taken | 
a total; whether fitted on the motor or on the transformer, th’ 
cost money. : 
I wonder whether, to reduce the number of slip-rings ss) 
further, a 4-phase winding has been considered by the authorss) 
an alternative to the 5-phase rotor? The same principle seer) 
to apply, since 3 X 90° = 270° = — 90°, etc. ] 


acceleration has been applied in industry for many years. 
only pole-tripling, but pole ratios of 6:1 or 3:2 can 
obtained by arranging 3-phase windings in parallel star wi 
separate star points into which alternating current is fed. 

I will revert now to Prof. Rawcliffe’s paper: The assessme 


* Kress, E. W.: 


EP .: ‘Neue polumschaltbare Wicklung’, 
December, 1934, p. 398. 


A.E.G. Mitteilun;) 


of the stepped curve is open to criticism, since in a squirrel-cage 
‘motor the skew is rarely 100% effective. If the stepped wave 
is. used, the amplitudes of the 7th harmonic are 6°85% and 
4-03 % for 60° and 120° spread, which may explain the apparent 
‘Inconsistency in crawling. 

| The comparison for the two spreads would yield different 
(results if each case were based on the optimum coil pitch, which 
‘is 1 to 9 for 60° spread. Since fewer terminals are needed for the 
latter, it may well be the better arrangement. 

( Mr. J. C. M. Sanders (communicated): It behoves industry 
‘first of all to support the efforts of the authors in exploring the 
avenues opened up by the developments described. Not only 
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are there possibilities of commercial exploitation of the various 
inventions, but—perhaps more important—there is the likelihood 
that industrial engineers would be stimulated by discussions with 
men who have time to think. Secondly, it is necessary that 
industry should clearly define the problems which it has to face, 
not with a view to directing the research programmes of univer- 
sities and colleges, but simply to indicate where existing know- 
ledge is insufficient. 

On the other hand, in evaluating the results obtained, industry 
requires the utmost possible information on the equipment used, 
and it would be interesting to know what limitations of size of 
machines the authors envisage. 


THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSION 


_ Dr. T. H. Barton, Messrs. O. I. Butler and H. Sterling (in reply): 
Points raised more than once in the discussion will be dealt 
with first. 

_ The relative costs of a 15/S5h.p. 4/12-pole screen-protected 
“motor and control equipment are given in Table B for the dual- 


Table B 


COMPARISON OF DUAL- AND SINGLE-WINDING Motor Costs 
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and single-winding arrangements; the latter employs a simple 
form of 3/2 phase conversion and two change-over contactors, 
and is still somewhat the cheaper. In general, the cost ratio of 
the dual- and single-wound motors alone is about 3 : 2; the 
_ substantial saving in the latter case arising from reduced material 
and labour costs. In particular, replying to Dr. Gibbs, it depends 
_ Jargely on the manufacturer’s organization whether the slightest 
_ deviation from the normal design is expensive. 
| First cost, however, is not the only criterion of merit. 
_ Efficiency, freedom from harmonic torques, weight and size are 
_ important factors. In these respects, our machine approaches 
; “more closely to, and in some cases attains, the ideal set by the 
single-speed motor. Nevertheless, the improved flexibility and 
simpler control gear of the dual-wound machine will still make 
it preferable for some applications. 
Mr. Huggins and Mr. Redfearn suggest that the 3 : 1 dual- 
~ wound motor be used as a basis of comparison, while Dr. Gibbs 
advocates the 2 : 1 single-winding motor. We used the single- 
7 speed motor since it provides the optimum performance for a 
given frame size and therefore is the logical basis for assessing 
. the merits of any pole-changing design. In addition, however, 
we included a detailed comparison with the 2 : 1 motor. 
The simultaneous interest in different forms of 3:1 motor 
at two separate universities is not surprising: it is a logical 
development of the recent papers by Brown and Butler, cited 
in the present papers. 

Contrary to Dr. Gibbs’s statement, every constant-torque 3 : 1 
motor discussed by us does not require a transformer; when 
such is required, it is clearly indicated. We would point out 

that a 3/2 phase transformer was used to reduce the number of 
- terminals, thereby simplifying the switching arrangement, and 

providing a full utilization of the windings at both speeds. 
Dr. Gibbs’s criticism of lack of precision in the first paper 1s 


ee 


hardly justified, since we quote definite outputs in Section 7 and 
plainly state that no increase on the frame size of a standard 
3h.p. 12-pole motor is necessary to provide a 3/9h.p. 12/4-pole 
machine. In most cases, where the sizes of the equivalent single- 
speed motors differ appreciably, the larger frame will be adequate 
for our pole-changing machine. 

We assure Mr. Hill that his informant on the costs of 2:1 
single- and dual-wound motors has been too sweeping, and even 
more so for the case of the 3:1 motor detailed in Table B. 
The rotor bars of our motors were uninsulated and a hard driving 
fit in the slots. The absence of crawling torques is not sur- 
prising, since the m.m.f. distributions are precisely those of the 
equivalent single-speed motors. The stray loss of the calibrated 
d.c. machine was relatively small, and the accuracy of the 
torque/speed measurements exceeds that of any published 
oscillograph method. 

Replying to Prof. Williams, if identical slots and effective 
turns per phase are used, the resistance of the dual-wound 
machine will be more than double that of the single-wound 
machine at the high speed and somewhat less than double at the 
low speed. 

Mr. Huggins is correct in pointing out that the rotor resistance 
for asymmetric braking is much higher than is normally used. 
It is for this reason that the various unconventional rotor windings 
have been described. 

Prof. Parton’s comments are most interesting and we look 
forward to a more detailed account of his theory. 

We assure Mr. Redfearn that the figures for ratings are based 
upon the appropriate design data and not upon rating figures for 
the frame size. Our comments regarding end-winding heating 
apply, of course, to the protected type of motor. Irrespective 
of the possibility of using the same rotor diameter for any type 
of pole-changing arrangement, we would point out that the 
reduction of reversal losses can be obtained in our machine with 
no increase in motor size and no sacrifice in performance by 
designing the machine solely on the basis of the high-speed 
performance. 

In reply to Mr. Krebs, a 4-phase rotor winding is unsuitable 
because of the poor winding utilization associated with a spread 
of 270° at the higher pole number. The corresponding spread 
for a 5-phase rotor is 108°. 

In reply to Mr. Sanders, so far as can be seen there is no 
limit, either up or down, to the size in which our machine can 
be built. 

Prof. G. H. Rawcliffe and Mr. B. V. Jayawant (in reply): 
One cannot be precise in claims about ratings from tests on 
only one machine, but we think that our rating is at least 80% 
of the full frame rating at both speeds; it may be more. Since 
writing the paper we have found new methods of reducing the 
numbers of leads from 11 to 9 or 6; to the former without 
reduction in rating and to the latter with some loss of rating, 
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but with an extremely simple controller. We are thus able to 
produce a 3:1 two-speed winding, with only a very slight 
increase in complexity of the controller; and we note with interest 
Dr. Gibbs’s opinion that our last variant is likely to be com- 
mercially most acceptable. 

In reply to Mr. Hill, we used for our tests a standard industrial 
machine supplied with 36 unwound stator slots and 48 rotor slots. 
The choice of rotor slot number was not ours, but the machine 
operated satisfactorily. It may be that other rotor-slot numbers 
would be better, but we have eliminated crawling even with this 
number. We are, of course, aware that the torque is actually 
exerted on the iron, because of the current in the conductors, 
and is not actually exerted on the conductors themselves. None 
the less, the torque is exactly what it would be if it were exerted 
on the conductors in the absence of iron. The point is dealt with 
in many treatises on electromagnetism, such as that by Moullin. 

In reply to Prof. Williams, we have not assumed that there 
is no m.m.f. on the unwound part of the stator. There is, of 
course, always an m.m.f. at every point between two sets of 
parallel conductors carrying current in opposite directions, 
whether or not there are blank slots between them. 


DISCUSSION ON THREE PAPERS ON 3:1 POLE-CHANGING MOTORS 


We tested our machine as a standard machine before doing; 
our own tests. The reduction in rating is only moderate becausé 
the remaining conductors can be more heavily loaded wher 
some are out of circuit. We ought not to have said that en 
torques are common in pole-changing motors’: we meant that 
they are liable to occur unless the designer is sufficiently skilled 
to avoid them. 

Mr. Krebs’s contribution is of great interest and we shall 
study it with care. We performed the stepped m.m.f. waveform 
analysis after writing the paper, and we agree that the results 
tend to support our experimental tests. We also have in hanc 
an experimental examination of the 60° spread winding, anc 
shall offer the conclusions as a short supplementary paper. 


apart from the special features described in the paper. 
strongly suspect that, since a satisfactory and simple 3 : 1 poles 
changing winding has been produced, it will find industrias 
application; but even if this were not so, we should still say 
that we have produced a new piece of engineering apparatus 
which has the great merit that it works satisfactorily, and thay 
we have greatly enjoyed its production. i | 


DISCUSSION ON 


‘THE APPLICATION OF SYMMETRICAL COMPONENTS TO THE MEASUREMEN 1 
OF PHASE DIFFERENCE IN SINGLE-PHASE CIRCUITS”* 


WESTERN CENTRE, AT BRISTOL, 12TH MARCH, 1956 


Mr. B. M. Bird: Would it not be possible to employ a com- 
bination of Allcutt circuits to give, say, the positive-sequence 
component of an unbalanced voltage system and hence obtain 
a perfectly balanced system from one in any state of unbalance? 

Mr. G. O. McLean: While I appreciate the author’s ingenuity 
in making the miniature rotation indicator from two pigmy 
lamps, I would assure him that we in the supply industry would 
like all our instruments of such dimensions. Will he give com- 
parative costs of this type of rotation indicator and the more 
normal induction type? 

» Mr. A. G. Milne: The theory of symmetrical components has 


proved to be a valuable mathematical tool for the solution of : 


transmission and protection problems. Could it be made 
equally valuable for application to the production of cheap and 
reliable instruments for protection purposes? I realize that there 
have been in existence for some time negative-phase-sequence 
relays, but these are expensive and have not always proved 
completely satisfactory. 

The author shows how neatly the unbalance condition can be 
broken down into two balanced sequences of opposite sign, and 
by the simple expedient of shifting vectors he shows how a simple 
rotation device for single-phase circuits can be provided. Could 
a similar process be applied for protective devices starting with 
two phases of the balanced positive sequence system in healthy 
conditions leading to a resultant unbalanced state under fault 
conditions ? 

Mr. F. P. Phillips: In what respect is the phase sequence 
indicator described superior to the well-known Varley circuit 
using two lamps and a capacitor or inductor? 

Mr. R. L. Russell (in reply): If the attention devoted to a topic 
is any evidence of its importance, the lack of balance between 
phases of a polyphase system no longer presents the problem it 
once did. For testing purposes in the laboratory, however, it is 
frequently desirable to have an exactly balanced supply, and for 


* RusseELL, R. L.: Paper No. 1758, February, 1955 (see 102 A, p. 80). 


work on symmetrical component measurements it is essential) 
Proposals for constructing a static balancer as an assembly o” 
sequence selective networks to form a standard piece of laboratory 
equipment are precisely those suggested by Mr. Bird. 

A precise answer to Mr. McLean’s question will be availabi} 
when the device has been manufactured. An estimate, based en) 
a prototype model, is that the cost of the new indicator should 
be about half that of the orthodox induction type. 

In the new indicator, one lamp is bright and the other is dari) 


- 


teristics. The performance of one lamp is quite independent 
the other. 

In the Varley circuit referred to by Mr. Phillips, it is the mutua)_ 
behaviour of the two lamps and capacitor (or choke) on whicd 
the indication depends, and, for example, should one lamp fa) 
the other will be bright whatever the phase sequence. Further 
more, the Varley method requires the operator to make aj 
assessment of the relative brightness of two lamps betweed 
which there may well be little to choose, especially if the lam: 
characteristics are dissimilar. The new indicator is a ‘fail-safél 
device which yields a more positive and reliable result than doe 
the Varley method. I 

The simple reply to Mr. Milne’s question, if the answer i 
restricted to principles and performance specifications ar} 
ignored, is that protection devices based on the measurement c 
phase differences can be envisaged. When, for example, two </ 
the phase quantities of a 3-phase system are supplied to ti 
bridge and ratiometer, which together form a phase-angle mete 
a steady reading of (120/2)° will be obtained under balanced 
conditions. Under fault conditions this setting would be dis| 
turbed. The response could be mechanical, in terms of sha? 
rotation, or electrical if a search coil were used in place of th 
meter movement. There are a number of ways in which th] 


principles discussed can be applied to control and measuremer) 
problems. 
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Abstract No. 2114 
June 1956 


POWER STATION AUXILIARY PLANT 


By GEOFFREY F. KENNEDY, M.A., M.I.Mech.E., and F. J. HUTCHINSON, M.Eng., M.I.Mech.E., 


Members. 


of a paper which was received by THE INSTITUTION OF MECHANICAL ENGINEERS 10th June, 1955, and was read at a joint meeting of THE 


INSTITUTION OF MECHANICAL ENGINEERS and THE INSTITUTION OF ELECTRICAL ENGINEERS 6th January, 1956.) 


_ Some of those aspects of power station auxiliary services are 
discussed on which decisions have to be taken at the planning 


‘Stage and which apply particularly to stations equipped with 


generating sets upwards of 60 MW working at steam conditions 


upwards of 9001b/in? and 900° F. Depending on steam pressure 


and certain other design features, the maximum simultaneous 
demand taken by unit auxiliary services is likely to be between 
3°5 and 6°5% of station output, and the further maximum 
demand taken by non-unit services between 0:4 and 0-7%. In 
a typical station, unit transformers, which are connected to 


generator terminals, should be of the 5000kVA size for 60 MW 


sets and of the 1OOO00KVA size for 120 MW sets. The station 


Services on certain occasions, should be 5000kVA or 7500kVA 


‘in a station with six 60 MW generating sets and 12500 or 15000 
KVA in a station with six 120 MW sets. 


_ The justification for expenditure to increase availability, such 
as that on auxiliary plant items, depends on a quantitative assess- 
ment of the financial consequences of a forced outage. Hence 
decisions about duplication of plant items should be based on 
actuarial methods and on records of all failures in the past, 
jncluding those that do not result in loss of generating capacity. 
When financial loss occasioned to the public by curtailment of 
supplies is taken into the calculations, it is found that the margin 
of spare plant connected to the British Grid system is probably 
very close to the most economical figure. 

The high cost of feed heaters designed to withstand full boiler 
pressure makes the split-feed-pump scheme economical. With 
this there are two pumps in series, feed heaters being between 
It is found on an actuarial basis that it is more economical 
to provide standby feed-pump capacity by installing two full-duty 
than three half-duty pumps. With constant-speed pumps 


excess head has to be destroyed in a feed-water regulator, with 


factor of 50%, and at £230 at a load factor of 80%. 


resultant loss of thermal efficiency and excessive wear of valve 
seatings. Hence the cost of variable-speed drive of feed pumps 
has a strong economic justification. 

The total capitalized cost of boiler-fan consumption per kilo- 
watt is estimated for induced-draught fans at £170 at a load 
The corre- 
sponding figures for forced-draught fans are, respectively, £140 


-and £180. They are lower because most of the power input 


reappears as heat in the furnace and is reconverted to electrical 
energy at station efficiency. A cost comparison of various means 
of controlling the draught shows that damper control is very 
‘wasteful, even at maximum continuous rating of the boiler, and 


‘The authors are with Kennedy and Donkin. 


The full text of the paper with discussion will be published in the Proceedings of 


_ ‘The Institution of Mechanical Engineers, 1956, 170. 


more so at reduced ratings. or, it is inevitable in practice for 
the fan motors to be provided with an excess of power over 
actual requirements if an adequate margin is to be allowed for 
uncertainty about the actual resistance to draught presented by 
the boiler, as well as for working at reduced frequency and with 
fouling of boiler tubes. Inlet vane control is more economical 
and can sometimes be justified. For other installations the high 
cost of variable-speed drive is more than compensated by. the 
reduction in fan consumption that accompanies it. 

There are occasions when more steam has to be generated in 
the boilers than can be used by the turbines. The necessity may 
arise, first, during pressure raising, when the temperature of the 
superheater has to be kept to a safe value by passing steam 
through it; secondly, when the load on the turbine is below the 
boiler load at which the burners keep alight; and thirdly, when 
a turbine is put back into service after a shut-down that has 
lasted for sufficient time for an appreciable difference of tem- 
perature to occur between the steam range and the turbine. If 
the surplus steam is blown off to atmosphere, the noise con- 
stitutes a nuisance to residents in the neighbourhood of the 
station and conditioned water is wasted as well as heat. It is 
hardly practicable to save the heat, but the water can be saved 
by a method known as steam dumping. One suggested method 
is to pass the surplus steam through diffusers incorporated in the 
reserve feed tank. To dissipate the heat thus passing into 
the water, this would be circulated through the main condenser 
by means of the extraction pump. Another inexpensive pro- 
vision for steam dumping would be a flash vessel into which the 
steam was passed and in which it was condensed by a spray of 
water; it would drain to the main condenser. The kinetic energy 
in the steam would be dissipated by collision between molecules 
if the steam were admitted from opposite sides of the vessel. 

It is important to provide such an amount of circulating water 
that the most economical temperature difference is maintained 
between inlet and outlet of the condensers. Typical economic 
differences are from 12° F to 17° F for river and estuary stations, 
and from 17° F to 21° F for cooling-tower stations. The latter 
are worked most economically when a bus main enables all the 
cooling towers to be kept in service even when some generating 
sets are shut down, for the cooling towers reduce the circulating 
water temperature to a lower value when lightly than when 
heavily loaded. It pays to adjust the quantity of circulating 
water with changes both of load and of weather. When a bus 
main is provided, a sufficiently fine adjustment is obtained by 
varying the number of pumps in service and the high cost of 

variable-speed circulating pumps cannot be justified. When 
there is a bus main, a spare pump can be justified only for a 
station equipped with a very small number of generating sets. 
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DISCUSSION ON | 
‘ALUMINIUM-SHEATHED CABLES”* | 


Before the NORTH-EASTERN CENTRE at NEWCASTLE UPON TYNE 25th October, the MERSEY AND NorTH WALES CENTRE af rea ne. Novena | 
the NORTH-WESTERN CENTRE at MANCHESTER 2nd November, and the NORTH-STAFFORDSHIRE SUB-CENTRE at STONE 13th December, » anal 


the SOUTHERN CENTRE at PorTsMoUTH Sth January, the WESTERN CENTRE at See 
Utiization Group at BIRMINGHAM 14th February, and the SouTH-WESTERN SUB-CENTRE at PLYMOUTH 24th March, : 


Mr. A. C. Bryant (at Newcastle upon Tyne): When the new oil 
refinery at Grangemouth was being constructed, aluminium- 
sheathed cables were provided for giving electric supplies to 
mobile cranes, etc. The cables were laid in a shallow trench 
about 6in deep and then the level of the whole area was raised 
by 2ft by the dumping of the inert and hard residue remaining 
after the oil has been extracted from shale. During the raising 
of the general level of the ground, lorries, scrapers and rollers 
were continually crossing over the cables laid in the shallow 
trench. After several years, when the construction of the 
refinery had been completed, the cables were lifted and as they 
were found to have suffered no mechanical damage they have 
now been re-employed elsewhere. 

In a market in Aberdeen, which was quite an old building with 
numerous brick pillars, we erected a 0-15in? 4-core paper- 
insulated aluminium-sheathed cable. In this case the fixing 
centres of the supports were approximately 12ft apart and the 
cable even with this spacing was found to have negligible sag. 
Also, in view of the saving in weight of this type of cable, 
compared with other alternatives, it was possible to employ a 
simple single-screw fixing for the embracing-type cable hangers. 

Mr. R. H. A. Reid (at Newcastle upon Tyne): In Table 6 there 
are 33 faults attributed to corrosion due to deterioration of paper 
fabric serving, and none due to damage to serving during 
installation. Are the authors sure of these figures, or could 
some of these faults not be due to small stones having got into 
the blinding during installation and been forced into the serving? 

Table 6 also shows five cases of mechanical damage to under- 
ground cables during installation in a total of 52 faults, or 10%. 
Again, there are five faults due to extrusion defects, presumably 
due to gas blow holes. The fractures were found during 
installation, but is it not possible they might not be found then? 

Mr. L. A. Bates (at Newcastle upon Tyne): The absence of any 
reference in Fig. 1 to the supply of aluminium-sheathed cables 
to the mining specification is noteworthy, and one wonders why 
so little progress has been made in this field, where the higher 
conductivity of the aluminium sheath should give it a considerable 
advantage over other types. It is perhaps too early to ask 
whether the authors have any useful information on the experi- 
mental installations which are referred to in Section 5.3.3. 

With regard to the composition of the aluminium for sheathing, 
an analysis of a sample length (in 1949) showed this to be of 
a higher purity (99-87% aluminium) than that specified in 
B.S. 1471 for grade T1B metal. Is this of any significance in 
respect of its corrosion-resisting properties ? 

The authors clearly show, and my own limited experience with 
aluminium-sheathed cables confirms, the importance of providing 
outer coverings which can be depended upon to remain imper- 
vious to. moisture for a very long time. Furthermore, it is 
essential that such coverings should be reasonably protected 
against mechanical damage, which is likely to cause trouble 
unless the outer tape is of really robust construction. When 


* HOLLINGSworTH, P. M., and {RaIne, P. A.: P i 5 
(gt, Port bcos { ‘ aper No. 1638 S, April, 1954 (see 


[ 322 } 


BristoL 7th February, the SouTH MIDLAND SUPPLY ANI 


one considers also that armouring is more likely to be dispensee 
with in the case of the aluminium-sheathed cable with its superio 
mechanical strength, the design and performance of the outes 
coverings is of much greater importance than in the case ofleady 
covered cables. L.V. aluminium-sheathed cables with PC! 
coverings have been in service underground for about 3 years i 
this area, laid in a heavy clay soil which generally is mildil 
alkaline. These cables have been examined at intervals at randeny 
points, and so far the amount of sheath corrosion has been smal. 
Some slight corrosion is, however, taking place, even in wha 
may be called favourable soil conditions, and this only serves t 
emphasize the need for a really dependable outer covering. 
Mr. D. R. Parsons (at Newcastle upon Tyne): The compas 
with which I am concerned has 4in coaxial cable, grade T? Fy 
erected on some thousands of houses and, so far as I am awaray 
no trouble has yet been experienced. 
The method of suspension that we have been using consists « 
a spiral wire catenary with a supporting wire of stainless stecy 
The suspension wire is polythene-covered copper and appeay 
to have given very satisfactory results. 
Mr. J. F. Gobbi (at Liverpool): The use of an unreinforee\ 
aluminium sheath is particularly attractive for high-volta, 
cables operating under internal gas or oil pressure. The author) 
however, conclude that to give adequate creep strength som} 
work-hardening is necessary if sheaths of standardized thickneq 
are to operate permanently at pressures of 250 Ib/in?. TH 
conclusion is based on a 3% extension to break over a 35 yey. 
life. It is also based on the creep behaviour of a particular tulj 
which apparently varies in grain size from 0-1 to 0-4mm. 
Tube extruded at a much lower temperature, on a prei 
designed for direct cable sheathing, exhibits a more unifori 
and smaller grain size, averaging 0:03mm. It is to be expect), 
that the creep characteristics of such tube will be superior to thi 
quoted in the paper and consequently no work-hardening will 
required. | 
It may also be of interest to mention that the autho). 
experience of weakness at stop-marks, attributed to a transiti« 
from coarse to fine grain structure, has not been experien 
with the direct extrusion press quoted, where it is virtua? 
impossible to detect any change of grain structure at the sted 
mark. | 
In Section 4.3.3, reference is made to tests designed to ascert=} 
the effect of relative movement of conductor and sheath. Tha 
tests were presumably on cables with aluminium conductors 24 
aluminium sheaths. Whilst the behaviour of the single-cc} 
type of cable is more critical, the reason for choosing a lars]. 
conductor cable is not clear. The relative movement wov) 
have been more pronounced with a smaller-conductor cat) 
where the temperature differential between conductor and she 
is greater. Perhaps the authors could amplify details of i) 
test and give the latest position. | 
A recent installation at Kemano, British Columbia, compri') 
two 3-phase circuits of 300kV oil-filled single-core cable. Cl 
circuit has the conventional copper-conductor lead-shee 
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construction, resulting in a differential expansion per 2000 ft 
of installed cable on full load of Sin. The cables for the second 
circuit have an aluminium conductor and aluminium sheath with 
a differential expansion of 6in. The point of interest, however, 
is that, whereas in the first circuit the sheath tends to elongate 
with respect to its conductor, in the all-aluminium cable the 
conductor will tend to elongate with respect to the sheath. The 
latter is the more dangerous situation, particularly in view of the 
less yielding nature of an aluminium sheath. 

_ This all-aluminium cable has another novel feature. The 
cable sheaths are supported on insulators, bonded and earthed 
at the centre of each circuit only. This is not normally con- 
Venient, but it eliminates the otherwise heavy sheath-circuit 
currents, which form the major part of the sheath losses referred 
to in the paper. 

_ Mr. T. A. P. Colledge (at Liverpool): The General Post Office 
in this country use about 25000 tons of lead for about 3000 
sheath-miles of cable per annum. To supplant this it would 
require about 6000 tons of aluminium per annum. 

The great majority of cables used for telecommunication are 
drawn in in ducts laid in the ground, so that one of the chief 
‘aspects that have to be considered is that of corrosion due to 
contaminated water in the ducts. The authors have dealt with 
corrosion in some detail, and I would only add that the General 
a Office are carrying out tests on the protection of the alu- 
minium sheath with various coverings, including polythene. 
This additional covering, of course, increases the cost of the 
cable. 

__ The experiments in progress cover both swaged and extruded 
aluminium-sheath cable. Some of these lengths have been laid 
bare and some are protected with polythene. It has been found 
that the swaged aluminium cable is stiff to handle, and the 

minimum radius of curvature must be large compared with a 
cable sheathed with lead if kinking is to be prevented. This 
‘means large-diameter cable drums, and care has to be taken in 
‘bending the cable round manholes, etc. The extruded sheath, 
however, is more ductile, and although it is not as easy to handle 
as lead-sheathed cable, it is quite acceptable. As the Post Office 
standard length of cable is only 176 yd, I imagine it should not be 
difficult to sheath a length of cable by the extrusion method in 
‘one continuous process. It would appear that the smooth-type 
cable can be used for easy bends, whereas the corrugated-type 
would be more suitable for the more difficult bends. Where 
‘cables have to cross bridges which are subject to vibration and 
stress due to bridge movement, aluminium-sheathed cable should 
prove better able to withstand such conditions. In addition, of 
course, the weight supported by the bridge will be considerably 
reduced. One such bridge where this type of cable could be 
‘used with advantage is the Conway Bridge, where we are limited 
to the weight of cables that can be supported by the bridge. 

_ It is interesting to note the result of vibration tests that have 
‘been made on these cables. Underground cables which generally 
tun along roads are subject to considerable vibration due to the 
traffic. This leads to creepage along the duct. Have the 
authors any knowledge of the behaviour of aluminium cables in 
this respect? 

- Finally, I would say a word about their cost. There appears 
‘to be little doubt that some sort of protection should be applied 
to the aluminium-sheathed cable for underground use. A 
polythene coating is being used at present and it naturally 
increases the cost of the cable. Another factor might be that 
the overall size of the cable will be increased, which means that 
a greater duct space would be required for the same number of 
circuits. In addition, the cable manufacturers will have to 
reimburse themselves for the cost of additional plant. 
__ Mr. P. R. Dunn (at Liverpool): I am puzzled by the stress laid 
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by one or two speakers on the difficulty of installing a cable 
without damaging the corrosion protection on which it depends 
for its existence. Quite apart from aluminium-sheathed cables, 
there is considerable experience of pressurized cables with steel 
reinforcements, where protection against corrosion and _ pre- 
servation of the integrity of the protective layers are no less 
vital than for aluminium-sheathed cables. The authors may 
care to give their opinion on whether there is any real difference 
in the protection problems involved. If there is not, then I 
submit that in the performance record of steel-reinforced 
pressurized cables there is evidence to allay the fears of the 
speakers referred to. 

Mr. W. Holttum (at Liverpool): Can the authors state the 
maximum amount of strain per cycle which occurred in the 
sheath flexing tests referred to in Section 4.3.3(a)? 

Mr. T. A. Maguire (at Liverpool): Mr. Colledge has referred to 
Post Office cables over Conway Bridge. We have cables in the 
same location, but having crossed the bridge they are not in 
ducts but are laid direct in ground which is saturated either with 
peaty effluent or with sea water. Have the authors had any 
experience of such conditions and their effects on aluminium 
sheathing? From our experience with overhead aluminium 
conductors (and particularly connections) in this area, we are 
very concerned as to what the effects would be on underground 
cable. 

Mr. L. C. Grant (at Liverpool): I would like to ask whether the 
authors have had any experience of medium-voltage aluminium- 
sheathed paper cables laid in peaty ground. I have had two 
breakdowns in such situations. 

I would also like to refer to the necessity for putting an 
impervious layer on the aluminium sheath. It reminds one of 
certain types of ground, met for instance in Cheshire, where in 
many districts one cannot lay steel pipes because of the inroads © 
of the anaerobic microbe. Attempts have been made to get 
over this by coating with bitumen, but the slightest mechanical 
damage to the covering of the pipe such as would occur with a 
hobnail boot, for example, has been known to make a single 
puncture in the bitumen resulting in damage to the pipe. This 
risk can be reduced by wrapping the steel with woven glass fibre 
coated with a bituminous compound. There is a parallel to 
this in the plastic covering used for aluminium cables. Can one 
rely on a cable which has only a thin plastic covering which may 
be damaged? It may be stood upon or it may be badly used at 
bends and joints. This does seem to be a difficult point, because 
cables have to be laid under awkward conditions. 

Mr. T. Makin (at Liverpool): Fig. 2 shows comparative costs 
of aluminium, lead and copper, but I think the value of the paper 
would be improved if comparative costs of the finished lead- 
covered steel-wire-armoured and aluminium-sheathed cables 
were included. 

Since 1948 I have had experience in both underground and 
overground installations of aluminium-sheathed paper-insulated 
cables, and I have experienced cable failures in both. These were 
caused by deterioration of the sheathing due to hessian-pattern 
corrosion, as illustrated in Fig. 4(q). 

In a cable with an improved type of protective covering, 
installed in 1951, a fault occurred due to damage to the covering 
during installation. The resulting exposed area of aluminium 
had corroded inside an earthenware duct with subsequent 
failure of the cable insulation. 

With overground installations of bare aluminium-sheathed 
v.r.-insulated cables in dry situations, no trouble has occurred, 
but it has been noted that it is difficult to re-form a bend in such 
types of cable if route alterations are required. 

I am pleased to learn that satisfactory protective coverings 
against moisture and soil attack have been developed, and I 
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hope that service conditions confirm the authors’ stringent test 
results. I must stress, however, the importance of the utmost 
care in installation to avoid damage to protective sheaths. 

Dr. J. L. Miller (at Manchester): The paper is an extremely 
thorough one and deals, often in considerable detail, with the 
problems of manufacture and utilization in a manner which I 
think should amply satisfy the cable engineer and cable operator. 
To some, I daresay, the fact that, as compared with lead-covered 
cables, there have been only a few years so far to obtain cor- 
relation between performance in the field and the results of the 
various accelerated life tests may be worrying. It appears to me, 
however, that there has been ample time for any real troubles 
arising from features, both design and operating, which had 
not been foreseen in the earlier testing stages, to be disclosed by 
now. To think otherwise, after the time that has already elapsed, 
would tend towards the reactionary and would not be in the 
best traditions of British engineering. 

As is pointed out in the conclusions, aluminium-sheathed 
cables are an important addition to the resources of the cable 
industry; where it is economic they will no doubt be used. But 
where I think aluminium has distinct technical and economic 
advantages is in the two cases of oil-pressure and gas-pressure 
cables. Such cables have to carry heavy reinforcement, and the 
latter has to be heavily protected because its integrity is para- 
mount—in fact there was a time when two lead sheaths were 
sometimes employed, the outer one protecting the reinforcement. 
The use of aluminium, however, obviates these difficulties and 
presents a neater solution to the problem. Also, some day, 
such cables might possibly break into the field at present held by 
the Oilostatic cable. 

Then, too, on technical grounds alone, aluminium is eminently 
suitable for aerial cables, and where vibration is severe—in fact, 
in Germany, great lengths of coaxial telephone cable, aluminium 
sheathed, have been installed across the Rhine bridges. 

In conclusion, I should like to refer to Section 3.1(@) by saying 
that an organization with which I am connected has in fact built 
a press which aims at continuously extruding sheath over cable 
using aluminium of commercial grade. 

Mr. K. C. Coop (at Manchester): Our experience in the North 
West with aluminium-sheathed cables has been small, but it has 
served to indicate very clearly the rapidity with which corrosion 
can take place on the aluminium sheath in the presence of 
moisture. In view of this, I expected the paper to be considerably 
less definite in its conclusions, and I was therefore surprised to 
find such statements as, for example, the following: 

Manufacturing difficulties have been overcome. 
Solutions have been found to the problems of protection against 
corrosion. 
Servings incorporating overlapping p.yv.c. tapes are satisfactory. 
and all these within a period of six years. 

Fig. 2 shows the trend of the base metal cost per cubic foot of 
copper, lead and aluminium over the years 1944-53. It would 
be very useful to have a realistic comparison of the cost of 
completed cables laid and jointed, taking into consideration the 
increased number of joints with the aluminium-sheathed cables 
and the additional cost for the protective servings. 

In Section 4 it is implied that the bending test is merely a test 
of the sheath itself and has no relation to the cable as a whole. 
I should like to have some reassurance that the dielectric was not 
adversely affected by the corrugations. 

Referring to Section 4.3.3, I should be interested to know 
what trouble the authors would expect with aluminium-sheathed 
cables plumbed to a circuit-breaker cable-box and restrained in 
movement within a 6in-diameter pipe bent to the minimum 
allowable radius. I would imagine that the end thrust on the 
box might lead to a cracking of the wipe. 
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Turning now to the protection against corrosion, there is a 
significant paragraph in Section 2.4.3, where it is stated that one 
or other of the combinations of circumstances favouring corro> 
sion of aluminium may be assumed to be present at some point 
of most underground cable installations, and the second statement 
in Section 5.1.2, that any form of substantially non-hygroscopid 
covering will protect aluminium from atmospheric attack; it is 
merely required that the material or combination of materials 
shall remain permanently intact. 

I must reiterate that the important factor is the time element 
and although the authors are satisfied with the information 
obtained to date, that the servings incorporating overlappina 
p.v.c. tapes have eliminated the corrosion problem, there muss 
still be a doubt in our minds as to what will happen to the sheatii 
after a period of 10, 20 or 30 years. 

Mr. E. L. Davey (at Manchester): It is clear from Section 3.2. 1 
that the defects which used to be present in cable lead-sheatiip 
can be present in the aluminium pipe, and these defects may oni 
appear in service. In particular, cable lengths are limited t 
single charge lengths of pipe in order to avoid some of thesq 
defects. The aluminium sheath and the joints have to dq 
hermetically sealed to prevent corrosion, and this is an extri 
duty as compared with lead-sheathed cables in normal situations) 

One might ask, then, what is the function of the aluminiury, 
sheath, since mechanical strength can be provided by an armoun), 
The answer is that the anti-corrosion protective coverings ij, 
moisture-resisting but are permeable to gases and vapow 
including water vapour. An impregnated-paper dielectric uné 
an anti-corrosion protective covering would absorb the per 
meating water vapour until electric failure occurred. In the casi 
of the aluminium sheath or other metals under the coverings, 17 
absorption of the water vapour occurs and a stable conditiog 
obtains. 

Turning now to Section 4.4.3, in particular to Fig. 22, I wo 
ask the authors to give more details regarding this test, especiaill” 
as regards the pressure records. When a fully impregnate: 
solid-type lead-sheathed cable terminated with compound-filiey 
sealing ends is subjected to heating cycles, the pressure risé 
during the first cycle to a value of 70-1201b/in* absolute, tf 
exact value depending upon the distension pressure of the sheatli 
During subsequent cycles the pressure at the maximum tempersj> 
ture falls to a stable value of 50lb/in? absolute as the sheat), 
distension is completed, and at the cold temperatures the absolu i} 
pressure is of the order of 1 or 21b/in? absolute, due of course 1} 
the formation of voids in the distended sheath. 

In the authors’ case, according to the data given in Fig. 16 fj 
aluminium sheaths, the pressure should reach 7001b/in? approx) 
mately before sheath distension occurred, unless sufficient air «> 
gas was initially incorporated within the cable to give t . 
requisite cushioning or unless the sealing ends burst. T 
incorporation of gas spaces in the sealing ends would not 1). 
sufficient to prevent a high pressure rise on a long feeder. 

If gas space is initially provided within the cable, the use of < 
elevated pressure is indicated. The pressure rise under temper 
ture cycles is limited by the gas space provided, while the elevati| 
pressure will increase the ionization stress, and as a corollaryy 
follows that all the free compound in the dielectric should © 
removed and replaced with gas so that compound drainage: 
obviated. The idea of a solid-type aluminium-sheathed supe} 
voltage cable seems to be totally illogical. 

Dealing with the relative differential thermal expansi 
between the conductor and sheath, in 3-core cables a good dé! 
of accommodation is obtained by the cores separating or closij 
up so that the pitch diameter of the cores alters. 

In a single-core cable the excess thermal expansion of ti 
conductor over the sheath can only be accommodated by 
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\crease in the pitch diameter of the layers of the stranded 
onductor. If this increase in the overall diameter of the 
mductor exceeds, say, 1°/, the dielectric papers will be broken. 
‘Calculations show that this possibility exists, especially on 
irge-conductor low-voltage, and hence thin dielectric, cables 
there the temperature difference between the conductor and 
ieath is small. 

| By replacing a lead sheath with aluminium and replacing a 
opper conductor with aluminium, the expansion of the con- 
‘uctor relative to the sheath is increased to a value dependent on 
ne relative temperature rises, since the materials are the same. 
| Mr. P. H. Leadbeater (at Manchester): We have installed in 
ae local undertaking here about 6000 yd of aluminium-sheathed 
ables laid during 1948-49. This cable was served with the 
ormal compounded paper and hessian tapes which would have 
een used on a lead-covered cable, and of course they have given 
onsiderable trouble. With this experience, and also because 
amples were laid in the depot yard in various grades of soil, and 
= carefully controlled conditions, the opinion has been 


med that none of this cable will still be in operation 20 years 
‘om now. 
) We also had some 3000yd of cable which was in stock at the 
‘me when these troubles developed which the manufacturers 
ery generously re-served free of charge with the new p.v.c. and 
lass fibre tapes, and which has since been laid and has given no 
couble to date. 
The technique developed by the pioneers of this cable for 
qaking plumbed-type joints on aluminium-sheathed cables 
ppears to be perfectly satisfactory. We have had no trouble at 
Il either during the installation or after. 
We have also had some experience in the use of unserved 
luminium-sheathed cables for control purposes in a major 
ubstation. There were a large number of cables involved, all 
mall, the largest being about lin. Very considerable difficulty 
vas experienced during the installation in handling even these 
mall cables, and even with more experience the labour costs of 
andling will undoubtedly always be much higher. Against 
his, the cost of supports can be much reduced, and also there is 
onsiderable financial advantage as against lead-covered bright- 
vire-armoured cables. 
‘In conclusion, I should like to make a few remarks about 
luminium-sheathed cables in general. The first is regarding 
‘as-filled or impregnated pressure cables. I should like to put ina 
lea for the use of aluminium sheath for this purpose. There 
eems to be no possible objection, and a very considerable 
inancial advantage. In both instances the life of the cable is 
lecided by the life of the serving. The extrusion of a sufficiently 
tout p.v.c. sheath over the aluminium sheath seems to be very 
atisfactory, but I should like to see the p.v.c. extruded over a 
ituminous coating on the aluminium, so that if the p.v.c. should 
ye damaged, water would be unable to pass between. 
‘Ishould also like to have the authors’ opinion on the possibility 
f extruding a very thin lead sheath over the aluminium sheath. 
‘rom the point of view of the-consumers, this may not be as 
mpossible as it sounds, as we are quite sure that even a thin 
ayer of lead will give protection over long periods, but are we 
uite sure that accelerated ageing tests on p.v.c. prove that it 
ill remain satisfactory for 50 years to come? 
“Mr. H. G. Allen (at Manchester): My primary interest in 
ables is in their installation, and it seems to me that, after the 
able technicians have argued the merits and demerits of this 
ype of cable, the choice will still be largely economic. In this 
onnection, the difficulty of installing aluminium-sheathed cables 
vill offset to some extent the savings obtained in other ways. 

These cables require more labour in installation than lead- 
heathed cables, particularly in power station work, or other 
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situations where the cables are in air, and a considerable amount 
of adjustment is necessary to give the installation a workmanlike 
appearance. 

Messrs. R. H. Stewart and R. W. Newcombe (at Stone): In 
certain applications the conductor area of copper-cored lead- 
sheathed cables does not depend on its normal continuous 
rating. Instead, it depends on its short-time rating under short- 
circuit conditions. From British published figures, this results 
in an extremely large core area, often ignored in practice on 
grounds of economy! Typical figures are quoted in Table A. 
This shows permissible currents for certain lengths of time and 
the appropriate basis. An illustrative practical example is also 


Table A 


SHORT-TIME RATING OF CABLES UNDER SHORT-CIRCUIT 
CONDITIONS 


Cable applicable to 6-6kV, 11kV and 
3kV paper-insulated cable 


Time of 
current flow 


(a) 0:3 in2 (b) 0-2 in2 | (c) 0-1in2 


amp 
50000 
32 000 
23 000 


amp 
34 000 
21000 
15.000 


amp 
17000 
10000 

7000 


(a) Based on maximum current to create temperature of 160°C in the conductor. 


Example.—A transformer, fed by a 3-core armoured paper cable 
laid in a duct, takes a load of 90 amp from a 6-6kV 250 MVA system. 
The transformer is protected by a standard inverse definite minimum 
time relay with definite minimum time setting of 1sec. To carry the 
full-load current of 90amp, a 0:04in2 cable capable of carrying 
104amp continuously would suffice. On short-circuit, however, the 
possible fault current would be 22000 amp, and from Table A, col. (a), 
the cable capable of carrying this current for 1 sec is a 0-3 in2 cable. 
The continuous rating of the 0-3 in2 cable is 313 amp, which is 3 times 
the continuous rating of the cable required to carry the full-load 
current. 


given with Table A. In such applications is it economically 
favourable to use either copper-cored aluminium-sheathed cable 
or aluminium-cored aluminium-sheathed cable? 

The authors advocate unprotected aluminium sheaths except 
in ‘contaminated industrial atmospheres’. Surely this vague 
term needs further clarification. How does it apply to paper 
and steel mills, for which steel-wire-armoured p.v.c.-served cable 
is advocated ? 

Often lead-covered control cables are rejected owing to 
stripping of the lead reducing the insulation level between con- 
ductor and sheath. This is due to the lead biting into the insula- 
tion at the joints. Do aluminium-sheathed cables suffer this 
disadvantage? 

Mr. H. McCartney (at Stone): It appears that the authors call 
for the use of aluminium as a sheathing material almost wholly 
as an alternative for lead. The use of lead is primarily to 
provide the insulation with a waterproof covering. Where, how- 
ever, aluminium sheathing is to be used for buried cables, the 
authors consider that further waterproof coverings are necessary 
to protect the sheathing against corrosion. As metallic sheaths 
are essential, by regulation, only for high-voltage cables, and 
as non-metallic waterproof coverings are becoming available, 
it seems likely that there will be particular scope for the 
development of buried-type cables having no metal sheath. 

Where a lead-sheathed power cable is within the protected 
zone of a quick-acting protection system and it fails owing to an 
internal fault, one expects visible evidence of the precise position 
of the fault, usually by a small hole burned through the sheath. 
It appears, however, more likely that where aluminium is 
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used the sheath exterior will be undamaged, mainly because of 
the higher melting-point and greater thermal conductivity of 
aluminium. 

If unarmoured aluminium-sheathed cables were used in a 
mining subsidence area, would the authors agree that one might 
expect more fractured joint wipes than if armoured lead-covered 
cables had been used ? 

Mr. B. O. Ashford (at Portsmouth): Research organizations 
are at present making soil-corrosion tests, including bare speci- 
mens of aluminium sheathing material in various types of soil. 
Even if corrosion is observed to be negligible in certain cases, the 
findings would not detract in any way from the fundamental 
importance of the authors’ statement that considerations of 
possible effects of oxygen deficiency prohibit altogether the use 
of bare aluminium underground. 

Anxiety as to permanence of plumbed joints on aluminium- 
sheathed cable in ducts or in air, with joints not embedded 
solidly in bitumen, has been difficult to dispel owing to widely 
circulated statements from the United States describing rapid 
’ corrosion failures of such joints, accelerated apparently by 
thermal movement of the adjacent cables. Laboratory tests in 
which these conditions, chemical and mechanical, have been 
reproduced in their most onerous form have shown that a thin 
coating of bitumen, applied molten, is wholly effective in 
preventing interfacial corrosion, provided that the plumbing- 
metal/tin boundary is bitumen coated, including a margin of an 
inch or so on either side. 

Referring to the alternative method of sheathing by continuous 
welding of formed strip and subsequent reduction by rolling- 
down, as distinct from cold-sinking, it has been established that 
the final D.P. hardness of the sheath is rarely more than 10% 
greater than that of the original annealed strip, permitting 
thinner sheaths (for equal bending performance) than those 
produced by the authors’ process, in which 50% increase in 
hardness on cold-sinking would appear to be quite typical. The 
difference is accounted for in part by the fact that reduction by 
rolling (which incidentally involves no significant alteration in 
cross-sectional area) is performed on tube which is still hot from 
the welding process. The high thermal conductivity of alu- 
minium ensures fairly even redistribution of welding heat in the 
short interval between welding and rolling. 

The other process of reduction—corrugation by means of a 
rolled helical groove—results in a more flexible cable, at least 
equal to a lead-sheathed cable in respect of ease of manipulation 
in confined spaces. 

Mr. T. G. C. Harrop (at Portsmouth): I should like some 
further explanation of the theory of the cause of corrosion of the 
aluminium sheaths when the cable is clipped close to a wall. Is 
the corrosion chemical? I do not see how a cable can become 
anodic to itself in such a short distance. 

Has any experience been gained with aluminium-sheathed 
cables laid in the earth in areas where stray electric currents are 
liable to be found, e.g. in shipyards where a considerable amount 
of welding is taking place? 

What do the authors think of the future prospects of aluminium- 
sheathed cables in merchant ships? The advantages in warships, 
where saving of weight is of great importance, are obvious. 

Bearing in mind the precautions which are necessary on board 
ship when aluminium is used, however, and the fact that weight 
is not as vital in a merchant ship, I feel that although the cable 
will stand up to marine use, it will be ruled out on the score of 
economics. 

Mr. A. G. Milne (at Bristol): On the score of price and availa- 
bility, I do not think one needs to be a prophet to forecast that 
aluminium will be used for cables in increasing quantities in the 
years ahead. Indeed, digressing for a moment from the case of 
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H 
the aluminium sheath, we find it economic now to replace cop pe 
by aluminium in the cores of m.v. cables and on m.v. overhea: 
lines. A recent investigation into the relative costs of lea ' 
sheathed copper-cored and aluminium-cored m.v. cables in| 
fairly large housing site showed that there would be a saving | 
using the latter. With the aluminium sheath, the picture is ne 
so encouraging. The three well-known troubles associated wi) 
aluminium sheathing are corrosion, efficiency of joints ar 
We would have to be convinced t 


of the cable. A protective covering of extruded p.v.c. should 1 
reliable, although it would have to be of sufficient thickness 
withstand damage during pulling and when laid. Lead sheathi 
has given such continuously excellent service that replacemeg 
by aluminium sheathing would have to show substanti 
advantages. if 
About five years ago we installed, as an experiment, aluminivi 
sheathed l.v. cables, and from time to time we examined if) 
joints and the sheathing. Initially, we found the joints wed) 
faulty, but we accept that this was due to the jointers’ inexper 
ness in wiping; subsequent examinations have so far proved ti) 
joints to be satisfactory, but insufficient time has lapsed for 
to draw conclusions. Cables are subject to movement, owi: 
to vibration, subsidence, etc., and it is in these conditions it 
we should like to be assured that the joint will be satisfacton, 
Another difficulty is that the making of the joint requires mc 
care than the lead joint. This is important because ski 
labour is becoming scarce and consequently less reliance can | 
placed on the efficiency of the routine jointing of the aluminiug” 
sheathed cable. For these reasons, and because of the hancis 
difficulties in awkward cable runs and the relatively large num 
of service and main joints, we do not think that at present thal) 
is a case for aluminium sheathing for l.v. and m.v. cables. : 
Probably a better case can be made for very-high-volic) 
cables, especially the impregnated gas-pressure type. Fil) 
again, we recently investigated the economics of installing 
0:4in? 33 kV solid separate lead-sheathed cable as compared wy 
a 0-3in? impregnated gas-pressure aluminium-sheathed cat 
and whereas the capital cost of the latter was very much low, 
when the losses were taken into consideration and the total), 
the capital charges and annual losses were capitalized, there vj) 
very little difference. Having regard to the lower operating < a 
maintenance costs of the solid cable, it ought to be the one til 
is chosen. . 
Mr. F. P. Phillips (at Bristol): What precautions are necess¥ 
when jointing aluminium cores and sheath to a conventiod 
copper and lead cable? Also, what is the significance of | 
splaying of strands recommended when jointing aluminiij) 
cores? H 
Mr. D. J. Smith (at Birmingham): Could the authors state» 
highest voltage for which aluminium-sheathed cables have bil 
installed in this country and abroad, and did they experied 
any difficulty with the gas-pressure type in drawing the tif 
dielectric conductors into the aluminium sheathing? 
I was interested in the photographs of various installats} 
and noted in one case a number of aluminium-sheathed ca2} 
cleated closely together. This could, in certain conditions! 
humidity and high soot concentration, etc., give rise to trov 
with corrosion. Can the authors say whether troubles fi 
occurred at these points, and whether they can make }¥ 
recommendations as to types of cleats and any precautié 
necessary ? 
I have installed this type of cable in public supply substat {iS 
in this area, using single 7/-65 in? varnished-cambric alumini}> 
sheathed cable on the m.y. side of a 1000kKVA transformer, ,o 
3/:0225in? varnished-cambric aluminium-sheathed cable :p 
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ithe 11kV side. Some difficulty was experienced in the 11kV 
Switchgear terminations, but a satisfactory technique was 
‘evolved in conjunction with the switchgear manufacturers, and 
no troubles have occurred although these cables were installed 
over five years ago. 

_ Much more difficulty was experienced in bending and setting 
the 0-6Sin? cable, since considerable manual effort was required 
‘in the restricted space of a small substation, the length of cable 
involved being 8-10yd. The problem was solved when a 
template was made and the cable preset before it was offered 
‘to the transformer. 

_ Mr. P. M. Martin (at Birmingham): In Section 2.4.2 the authors 
‘say that the possibility of alkaline attack on aluminium is not 
‘considered serious. Strangely enough, although a test is made 
‘en cables embedded in cement, no mention is made at this stage 
of cables laid and supported in trenches, which must form a 
fairly common method of installation. 

| In Section 5.1.5, however, it is stated that there is a serious 
‘hazard in the use of bare aluminium, particularly when in contact 
with damp walls. This statement is also amply borne out by 
the fault analysis given in Table 5, which seems to be somewhat 
‘a contradiction to the remarks contained in Section 2.4.2. I 
‘should like more details of the types of failure which are included 
ae the heading ‘Faults resulting from proximity to damp 
‘walls’. 

In 1949-50, I was responsible for the installation of a sizeable 
hy. and 1.v. works distribution system, and for reasons of cost, 
‘and also more particularly, of delivery, it was decided to utilize 
aluminium-sheathed cables. These were laid bare, without any 
‘serving, in concrete or brick trenches, the latter normally being 
dry, but it was not always possible to avoid damp conditions, 
and one of the trenches was accidentally flooded on two occasions. 
After three years’ service the first of a series of faults developed, 
‘ona 7kvV 3-core cable forming part of a ring main, and thereafter 
faults occurred on this section with such monotonous regularity 
that it became necessary to replace the whole cable, and for this 
‘we reverted to lead-sheathed. All the faults that occurred on 
this length were due to penetration of the sheath, and in my view 
‘the cause of this corrosion was alkaline attack from the concrete 
of the trench where it was in contact with the cable. It may also 
‘be that during installation, when the cable was being dragged 
into the trench, small particles of concrete became embedded in 
the sheath, and they might have set up local areas of corrosion. 
T should be glad to have the authors’ views on that possibility. 
_ Ihave no doubt that with the experience gained since the days 
of our own installation, precautions can now be taken to eliminate 
these troubles completely; in fact, one of the authors has out- 
lined what precautions should be taken. In this connection, 
TI should like to know whether the cost of p.v.c. serving adds 
appreciably to the total cost of the cables, and whether they are 
‘still an economic proposition compared with lead cables. I 
‘should also like to have the authors’ views on the installation 
generally of cables of this type in concrete or in brick ducts, and 
the method of supporting them. 

_ Mr. J. H. Patterson (at Birmingham): I should like to enlarge 
‘on what Mr. Smith has said with regard to the installation of 
aluminium-sheathed cables in substations. I took a great 
interest in that project at the time and was able to connect up a 
Targe transformer by means of aluminium-sheathed cables on 
both h.v. and m.v. sides. The h.v. run consisted of three 
0-0225in2 runs and the m.v. side consisted of three 0-6 in? and 
one 0:3in?, The 0-0225in? cable presented no difficulty at all 
as regards bending to shape, but we had a very difficult job in 
bending the 0-6in? runs. At that time, inquiries for a suitable 
bending tool elucidated the fact that there was no such instrument 
on the market. Eventually formers were made which in some 
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respects eased the position, but before these were made the 
jointer was forced to sit on the floor with his feet braced against 
the transformer and two other men bent the cable round his body. 

In the first operation the cable had to be constantly taken down 
and reset in order to conform with the run, with the result that 
it took much longer to erect and cost much more money than 
the lead-covered equivalent. This caused me great disappoint- 
ment, since I felt certain that a tool could be produced whereby 
the cable could be erected without so many removals. 

The sites selected were different; one was a situation where 
there was considerable atmospheric humidity, and the other was 
subject to considerable smoke and fumes from a manufacturing 
area. After all these years the aluminium shows no signs of 
deterioration in either case. 

Will the authors state whether there is any difficulty in running 
a large cored cable where two right-angle bends have to be 
negotiated ? 

So far as lead-sheathed cable is concerned, even where the 
cross-section is large, no difficulty is experienced in pulling a 
long length round bends with the rollers suitably placed. I have 
always been rather alarmed at the fact that corrosion may take 
place on buried cable, and suggest that the protection of hessian 
service in itself is not sufficient. 

Mr. H. J. Gibson (at Birmingham): Previous experience with 
aluminium, certainly in marine and overhead-line work, indicates 
two very serious failings—corrosion and metal flow. It is 
conceded that, when the surface is not in contact with other 
material and becomes oxidized, further corrosion is substantially 
prevented by the oxide film, but at points where there is any 
contact, particularly with metal, or in even slightly chemical 
atmospheres or near the coast, there is not anything like the same 
certainty. This may have particular significance when alu- 
minium is used for underground cables. 

In the Midlands we look forward to underground cables 
lasting some 100 years, and if aluminium-sheathed cables are 
going to shorten this anticipated life, we must discount their 
value accordingly. I was somewhat perturbed when one of the 
authors said that although he is a chemist he could not forecast 
what would happen to aluminium in any particular ground. 
I know, of course, that precautions have been taken to protect 
the aluminium sheath by wrapping it in rubber or plastic, or 
something of that nature, but how long is that going to last, and 
how can we be sure that it is going to last sufficiently long to 
give us the same service as ilead-sheathed cable? If once the 
covering is damaged or pierced, I think the authors will agree 
that there is every chance of the aluminium corroding very 
rapidly and giving rise to cable failure. 

I should like to ask the authors, therefore, whether they feel 
confident about the protection against corrosion, and whether 
they are satisfied that voids are not created by the flow of the 
sheath resulting from expansion. I ask the latter question 
because of unfortunate experience with cone-type joints on steel- 
cored aluminium conductors which failed, after relatively short 
periods of operation in some cases, owing to the aluminium 
‘flowing’ and loosening the joint. The difficulty was overcome 
only by using extended wrapped joints, similar to Canadian 
practice, or better still, compression joints, which produce a 
homogeneous ‘weld’ between the ends of two lengths of cable 
owing to the ability the metal has to flow. 

Mr. R. Paterson (at Birmingham): Others may be interested in 
the experience gained in a steelworks with about 12 miles of 
m.v. aluminium-sheathed cables, about half of which was installed 
by 1951. The cable sizes ranged from 7/-029 2-core v.r. to 0-3 in? 
paper-insulated, with jute or hessian serving, or two p.v.c. tapes 
plus one glass-fibre tape and one hessian tape, and all with copper 
conductors. The cable has been used as an overhead line 
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suspended from a steel catenary cable by canvas straps; also 
underground in a wide variety of soils and ash, but always 
bedded in quarry sand; also in steelworks buildings and sub- 
stations; and sometimes bare aluminium-sheathed cables have 
been drawn into ducts, which may be wet, or laid on steel 
brackets in concrete trenches, in which case a strip of leatheroid 
has been placed between the bracket and the aluminium. 

Experience has been favourable to date, and further installation 
is proceeding, but lead sheath with wire armour is still chosen 
where wet conditions are known to be particularly acid, and 
prejudice still favours lead sheath and wire armour, but the 
substantial capital savings with aluminium, up to 30%, are a 
strong influence in its favour. 

The only breakdown to date was on a 7/-:029in multicore 
aluminium-sheathed and hessian-served cable in a corner where 
men had committeed a nuisance. The authors’ advice and 
comments on what changes they would make to our practice 
would be welcome. 

It would be interesting if we could have comparative cost 
figures for paper-insulated aluminium-sheathed cable and paper- 
insulated lead-covered steel-wire-armoured cable. 

Mr. H. M. Fricke (at Birmingham): In the early part of the 
paper the authors refer to the spurs of scarcity and cost, which 
did so much to prompt the development of aluminium as a 
cable-sheathing material. World supplies of bauxite ore are 
very adequate for all foreseeable requirements of aluminium, 
while the availability of lead appears to be limited, and its 
present high cost is certainly a problem. 

I can quote costs based on the present cost of raw materials, 
referring to the four types of cable specified in the early 
part of the paper, which show a saving of approximately 33% 
for aluminium-conductor aluminium-sheathed cable in the 
0-2-0-3in? range over copper-conductor lead-sheathed cable. 

Mr. E. Bramald (at Birmingham): The authors have explained 
at great length the efforts made to prevent damage of the sheath 
should moisture or other corrosive materials be present, but it 
appears that there is nothing to prevent mechanical damage 
during installation. 

Have any experiments been carried out in the way of covering 
the cores before sheathing with a waterproof membrane, such as 
Neoprene, before enclosing it in the aluminium? In this way 
the possible penetration of the aluminium might not be detri- 
mental because of the underlying barrier of waterproof material. 

Mr. E. C. Cooper (at Birmingham): We have recently heard 
reports of metal failure due to fatigue, especially in aluminium 
alloys. Moreover, I have recently read a report of a failure of a 
cable sheathed with pure lead due to fatigue cracking. The 
fatigue was apparently caused by vibration over a long period. 
Could the authors say whether there is any danger of aluminium 
sheaths cracking owing to fatigue? 

Mr. T. D. G. Wintle (at Birmingham): I find the question of 
fatigue in the aluminium sheath raised by Mr. Cooper most 
interesting, because it is obvious that the smaller sizes of 
aluminium-sheathed cables could well be used for machine-tool 
work or something of that nature. 

I wonder whether either the authors or Mr. Fricke have any 
comparative costs for aluminium-sheathed cables against conduit 
and v.r. cable. 

Also, could the authors give some brief details of the method 
by which the sheath can be removed? I take it that it is some- 
what similar to any lead sheathing, but I should like that con- 
firmed. How do the cost and manipulation compare with 
mineral-filled cable? 

Mr. H. S. Davidson (at Birmingham): The tube-sinking process 
described in the paper seems to suffer from one main disadvan- 
tage, in that the metal is hardened during the process, and this 
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restricts the bending radii of the cables. In the direct-extrusio} 
process the finished cable is much more ductile, and small 
bending radii can be achieved. This process is mentioned in th 
paper, where it is suggested that if certain difficulties are overcom 
it might become more general. The paper was prepared abou 
two years ago, and I should like to ask the authors whether the 
can report any developments in the direct-extrusion proce? 
which might lead to its wider adoption in preference to the tube 
sinking process. | 
Mr. E. W. A. Edmonds (at Plymouth): Is it possible to stop ¢ 
retard corrosion once it has started on a cable sheath? I have 
sample of severe hessian-pattern corrosion on a cable which ha 
been laid four years in a clay soil near Falmouth. 
Mr. W. E. Johnson (at Plymouth): Two lengths of alumini 
cable were laid in my area in August, 1951, and up to the preser 
time no trouble has appeared. From time to time, when wea) 
has been necessary on these cables, the bitumen has been remove | 
from one or two joints made in 1951, and no trouble could q 
found either to cables or plumbs. 
At the same time that these cables were laid, a short length we 
sealed with two pot ends and laid direct alongside the live cabl: 
the joints on this test piece were not laid in bitumen but we 
covered direct with earth. I have brought it to the meeting 
the authors to see, and I should be glad to hear their commen 
Lime was present in the soil where this test was carried out. t 
Mr. H. C. O. Stanbury (at Plymouth): I should like to drag 
attention to Fig. 27. Will the cable suspenders not caz 
corrosion of the aluminium sheath at the points of suspensic|) 
in the way the authors have described as having occurred whes 
a piece of string or a copper band had been placed round til) 
cable? 
In the Plymouth telephone area, aerial cable with leaq 
antimony sheath is largely used by the Post Office, and they hay 
considerable trouble owing to the suspension rings cutting ing 
the sheath, partly, no doubt, as a result of vibration set up || 
wind pressure. I should be interested to have the authoy 
opinion as to whether aluminium-sheathed cables would suff 


develop cracks owing to vibration setting up a crystalli 
formation in the aluminium. ay | 

In Cornwall the Post Office has a good deal of trouble due »)) 
corrosion of their underground lead-sheathed cables laid |. 
earthenware pipes, and I should like to know whether aluminiun 


trouble. if 
Messrs. P. M. Hollingsworth and P. A. Raine (in reply): 
replying to this discussion we would first of all like to thank 
the contributors at the provincial meetings who have present 
such a fair cross-section of opinion and experience. Althoui|” 
there was a certain inevitable overlapping in the discussion |) 
the eight meetings, we have attempted to deal with contributicd 
individually as far as possible. Two subjects were outstandi] 
amongst closely related questions; first, the expectation of 1) 
in anti-corrosion coverings, and secondly, the stiffness of i) 
aluminium sheath in relation to installation. 
Messrs. Cooper, Gibson and other speakers have dra 
attention to the vital importance of performance in protect#) 
coverings, since it is admitted that the life of the cable is entira 
dependent in most circumstances upon this feature. There :] 
many records of old cables recovered after 30 or 40 years’ serv 
with textile servings intact although deteriorated by decay. | 
p.v.c. we have a material which, in addition to being me 
robust than textile servings, is virtually unaffected by ¢ 
chemicals or soil bacteria. The evidence of its expanding 1 
all over the world during the last 15 years is impressive, siti 
unlike the earlier coverings its behaviour has been constan! 
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observed and evaluated. We cannot say that it will last 100 
years, because our experience of synthetic materials is short, but 
we are able to assert that its proved durability predicts a long life. 
i Messrs. Gobbi, Colledge, Leadbetter, Allen, D. J. Smith, 
‘Davidson and J. H. Patterson were concerned with installation 
difficulties due to stiffness of the aluminium sheath when 
compared with the more familiar lead sheath. This feature, 
which is often an advantage, since it renders the cable self- 
supporting, can be an undeniable drawback, particularly where 
large-diameter cables are concerned. It may be alleviated by 
the use of bending tools, but it is not claimed that aluminium- 
sheathed cables can be handled by precisely the same methods 
as lead-sheathed cables, or that they can as easily be installed 
on a tortuous route. The installations where aluminium shows 
to greatest advantage are those where the routes have been 
planned from prior experience involving allowance for generous 
bending radii and care in positioning of supporting points to 
utilize the increased rigidity to the utmost. Mr. Bryant, in 
addition to giving a striking example of how aluminium-sheathed 
able will resist rough handling, quoted a case in which rigidity 
and light weight with a 0-15 in? 4-core cable were turned to good 
advantage. 

' The information in Table 6, which Mr. Reid queries, was 
carefully compiled from data received about the various faults. 
There was no evidence in any of the 33 failures under paper- 
fabric coverings of stones having been forced into the servings, 
and we do definitely know that serving damage was not respon- 
sible for the faults. In some instances the cables had been laid 
in sifted sand. The possibility of faults due to extrusion defects 
has been very thoroughly investigated, and as a result the quality 
of present-day tube is very different from that obtainable in 1948. 
‘The sheath failures reported were early examples, and none has 
arisen since. 

_ As Mr. Bates points out, the amount of cable manufactured 
to mining specifications was too small to be recorded separately 
in Fig. 1. Despite the advantages of higher conductivity and 
also light weight and strength (for shaft cables), mining engineers 
are reluctant to use aluminium sheaths, first because of fear of 
corrosion or difficulties at joints, and, more recently, because of 
alleged risk of sparking. The fact that aluminium-sheathed 
‘cables are furnished with efficient protective coverings and steel 
armour which are taken right into joint boxes disposes of these 
‘objections, and we see no reason to avoid using aluminium- 
Sheathed cables in mines. There is no further information to 
Teport on the experimental cables referred to in‘the paper, which 
are expected to operate free from incident (barring accidents) 
for many years. From the aspect of corrosion resistance, the 
use of metal of higher purity than grade T1B has no advantage 
for cable sheathing. Grade TIB has adequate corrosion 
tesistance for exposure in air, and efficient protection would be 
essential for use underground irrespective of the purity of the 
Metal. 

We were interested to learn from Mr. Parsons that the 
continuous-spiral method of support from a catenary wire has 
been found satisfactory for an aluminium-sheathed cable. 

_ Mr. Gobbi has drawn attention to the value of aluminium 
‘Sheaths for the retention of high internal pressures, but does not 
agree that some work-hardening is always desirable for this 
application. The introduction of a modified extrusion technique 
Tesulting in more uniform grain size may, as he suggests, increase 
creep strength so that work-hardening for gas-pressure cable 
Sheaths becomes unnecessary, and we await the practical results 
of tests with interest. Equally, methods of direct extrusion on to 
cable core which avoid work-hardening or change in grain size 
at stop-marks will undoubtedly contribute to improved bending 
performance in finished cable. Mr. Davidson was also very 
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interested in direct extrusion, but unfortunately we are not yet 
able to say that all production problems concerned in the process 
have been solved. 

We have nothing specific to report on the behaviour of 
single-core aluminium-conductor aluminium-sheathed cable. 
Tests are in progress, and no ill-effects due to differential 
expansion have yet been observed. The choice of a large 
conductor for these tests was made, bearing in mind the greater 
possibility of damage to insulation if differential expansion 
occurred in such an instance. We have no information on the 
behaviour of the Kemano cables referred to, but agree the 
distinction as to the different conditions which could prevail due 
to expansion. The elimination of sheath current by single-point 
earthing and cross-bonding using insulated joints is normal 
practice in North America, and could, we think, be considered 
with advantage for similar installations here. 

Mr. Colledge gave us an interesting résumé of Post Office 
requirements for the sheaths of telephone cables, where the 
necessity for cables to be accommodated in existing ducts and 
manholes does not really favour aluminium. All aluminium 
sheaths for such situations must be externally protected, and 
this requirement often prohibits their use on the grounds of 
increase both in size and cost. He has, however, shown that 
such considerations may often be waived when lightness and 
resistance to vibration in a sheath are a first consideration, as 
they are on bridge structures. 

Mr. Holltum will be interested to learn that the maximum 
amount of strain in the flexing tests was 0-15%. 

We are grateful to Mr. Dunn for pointing out that there is no 
difference between the quality of protection required for an 
aluminium sheath and that required for the steel reinforcement 
normally used on lead-sheathed pressure cables; the reliable 
service experienced with the latter is undoubtedly reassuring for 
the former. There is one reservation, in that pressure cables, 
being h.v. feeders, are usually carefully handled during installa- 
tion. This does not necessarily apply to all aluminium-sheathed 
cable, so that there may sometimes be greater risks of damage 
to servings. 

Messrs. Maguire, Grant and Makin have rightly expressed 
concern at such risks, but the data on fault incidence given in 
the paper indicate that they are not very serious with reasonably 
robust coverings. Nevertheless, it must be conceded that 
damage to servings on a buried l.v. cable can have more serious 
consequences if the cable is unarmoured aluminium than if it is 
armoured lead. 

We welcome Dr. Miller’s remarks regarding the justification 
of using aluminium-sheathed cables on the basis of records of 
service over the past six years. We consider that the knowledge 
and experience now available are fully adequate to ensure 
reliable operation. This particularly applies to pressure cables, 
for which the advantages of aluminium are paramount, as Dr. 
Miller emphasized. 

We consider that the evidence given in the paper amply 
justifies the statements questioned by Mr. Coop. As regards 
comparative prices, figures for specific sizes of cable can be 
supplied, but it is difficult to generalize. We can confirm that 
no damage to the insulation is sustained under the bending test 
as given in B.S. 480, Part 2. With suitable restraining measures, 
confining a cable bent in a 6in pipe would not be expected to 
give rise to trouble, for assuming that the pipe referred to were of 
steel the effect of differential expansion would be to cause it to 
‘snake’ in the pipe. Mr. Coop’s assumption regarding the 
information in Tables 5 and 6 is correct. 

We thank Mr. Davey for drawing attention to the primary 
reason for use of a hermetic sheath on cables having hygroscopic 
insulation, namely as a complete seal against moisture, for which 
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purpose no plastic material can replace metal. He asked about 
pressure conditions in aluminium-sheathed cable under load 
whilst undergoing stability test. The maximum pressures did 
not exceed 2001b/in2, since sheath clearances and therefore the 
initial air volume incorporated in the cable were about the same 
as for a similar lead-sheathed cable. Absence of sheath 
distension at the pressures reached no doubt assisted in the 
satisfactory performance of the cable in question, but we agree 
with Mr. Davey that the aluminium sheath shows to greatest 
advantage with high gas pressures, and think it strange that he has 
not so far considered it in relation to the gas-filled cable. While 
admitting that behaviour of large single -aluminium-conductor 
aluminium-sheathed cables under thermal expansion has not yet 
been fully explored, we do not altogether share Mr. Davey’s fears 
about rupture of paper tapes. We suspect that, even with copper 
conductors, longitudinal expansion is sometimes restricted by 
the manner in which the cable has been installed, but have no 
knowledge of trouble due to damaged papers ever having 
occurred. 

We are grateful to Mr. Leadbetter for his résumé of experience 
with aluminium sheaths and plumbed joints, and to the North 
Western Electricity Board for their co-operation in making this 
experience possible. Since the meeting where his remarks were 
made, various cables to which he referred, served with p.v.c. 
tape, glass and hessian, have been partially excavated and 
examined. In no case was there any sign of sheath corrosion. 
Practical considerations and economics apart, we can see no 
advantage in covering an aluminium sheath with lead, for 
although the risk of corrosion is thereby somewhat reduced, it 
is by no means eliminated. P.V.C. is a much more suitable 
material for this purpose. 

Messrs. Steward and Newcombe have asked about the effect 
that short-circuit current ratings have on conductor sizes, a 
subject rather outside the scope of the present discussion. Our 
recommendations based on a maximum conductor temperature 
of 130°C for the conductor size required in the example quoted 
are 0:25in? copper conductor; alternatively 0:40in? aluminium 
conductor. In both cases full advantage has been taken of the 
fact that the temperature rise on full continuous load is much 
less than the maximum permitted value. With the aluminium 
conductor there is a further reduction in size due to the 15% 
advantage in heat capacity per unit length. Under short-circuit 
conditions the mechanical strength and high conductivity of an 
aluminium sheath are advantageous in reducing both mechanical 
and thermal effects. We have not encountered the phenomena 
they mention of ‘knurling in’ on metal sheaths, which may be 
peculiar to a certain type of joint. We can assure them that the 
mechanical joint illustrated in Fig. 24 does not produce any 
ill-effects on the cable. An all-embracing definition of ‘contami- 
nated industrial atmospheres’ is difficult to provide, but one 
possible description is ‘an atmosphere that promotes severe and 
rapid rusting of iron’. Steelworks are in that category and also 
certain parts of paper mills. 

Mr. McCartney looks forward to the day when, by the use of 
non-hygroscopic plastic materials for insulation, metallic sheaths 
will be no longer necessary. We agree with him that under 
conditions of ground subsidence an unarmoured aluminium- 
sheathed cable could transmit severe tension on to a joint wipe, 
there being no armour to share the load. Such conditions have 
not so far arisen in service underground, but experience with an 
aerial cable under heavy tension due to extreme cold has shown 
that wiped joints do not fail readily and are in fact comparable 
in strength to the sheath. 

We were pleased to have Mr. Ashford’s support in refuting 
statements from United States sources which challenged the 
integrity of wiped joints. The reports in question appear to 
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have arisen from observations on violently accelerated corrosion 
tests which have no counterpart in service. They do not affec 
the validity of the claim that no joint failures due to corrosion 
have occurred in service. Assuming that the quality of weldin; 
can be guaranteed at all times, the manufacture of cable sheat i 
by seam welding is a notable contribution to cable-makin) 
technique, and when followed by corrugation it undoubtedI] 
confers improved flexibility. It is interesting to note that t 
hardness of the sheath after the rolling process is not increased 
by more than 10%. An average figure for the sunk sheath is 25 yf 
Mr. Harrop, together with several others, has asked for mor 
information on the mechanism of ‘wall corrosion’. Unforte 
nately, space does not permit of detailed explanation, but th 
following may be helpful: There is nothing unusual in one pai 
of a metal surface becoming anodic with respect to an adjacer: 
part of the same surface; in fact, such a condition is one of t! 
most familiar promoters of corrosion that is known. Frequerij, 
reference is made to the condition in Section 2.4, and it is readili 
brought about on aluminium by differential aeration of t 
surface. When a cable sheath is pressed against a wall, ‘hi 
portion with the oxide film in contact with the wall has a very 
restricted supply of oxygen, while the much larger adjacent aree) 
are in free air. If some supply of electrolyte is now providee 
this small portion will become slightly anodic with respect ft 
the remainder, the protective oxide film will be stripped, ana 
the exposed metal being distinctly anodic to the more oxygenate 
portions of sheath which have the film still intact, will correct) 
rapidly. A damp wall readily provides a source of electrolyy 
in the concentration on its surface by evaporation of the sal] 
carried there by moisture in the wall. Such corrosion can occu) 
in the absence of any alkali or acid, but in common with aj) 
instances of crevice corrosion, chlorides provide intense stimul: 
tion. Hazards due to stray currents in the ground are counteré 
by use of servings having an impervious layer. The variety « 
installation and operating conditions found on merchant shijil 
would entail corrosion proofing as a standard feature which 
economically unattractive except where strength and light weig)) 
are important. if 
Mr. Milne has underlined our observations on the future «| 
this development being dictated by economics. In regard to ti 
quality of wiped joints, we can assure him that they have show 
themselves equal to all conditions so far encountered, includiti 
severe tensile and vibration stresses. 
In reply to Mr. Phillips, the jointing of aluminium-sheath anj 
lead-sheath cable is effected by the normal wiping proceduri 
using tinned copper or lead sleeves. For jointing of aluminiu) 
conductors we would refer Mr. Phillips to information leafie| 
on the subject which are available from manufacturers. | 
Replying to Mr. D. J. Smith, about 75 miles of 33ki 
aluminium-sheathed pressure cable has been or is being instalh] 
in this country and abroad. The highest-voltage cable so {| 
used in this country is at 132kV, and abroad (in Canada) thei 
are installations at 69kV, 150kV and 300kV. No difficult) 
are experienced in introducing gas-pressure-type insulatid 
(0:10in thick) into the aluminium tube. We have not foul 
and would not expect that cleating cables in bunched formati: 
gives rise to corrosion troubles in certain industrial situatia 
where otherwise they would not occur. In fact, in industri 
atmospheres close proximity to another cable or to any ott! 
non-hygroscopic surface often reduces the risk of corrosic| 
It was of interest to learn that Mr. Smith quickly evolved 
solution when confronted with a problem of difficult bends. | 
Mr. Martin has drawn particular attention to the hazard || 
wall corrosion; corrosion of cables in contact with damp concril 
trenches would fall in the same category. As previously explaina| 
the effect is not directly due to alkaline attack, and any embedc 7 
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articles of concrete would only play a minor role in the corrosion 
aechanism. There is little to choose in cost, on present metal 
irices, between unarmoured p.v.c.-served aluminium-sheathed 
able and armoured lead-sheathed cable. Methods of installa- 
ion are similar for both types, subject to ensuring that the 
erving of the former is not damaged during installation. The 
Tnited States has followed this country and Canada in the 
evelopment of aluminium-sheathed cables to a minor extent 
mly. They are now being produced by at least one company, 
jut principally for communication rather than for power systems. 
D addition to his comments on installation, to which reference 
tas been made earlier, Mr. J. H. Patterson has provided inter- 
| aa confirmation of the ability of aluminium to withstand 
moist atmospheric conditions, and, of course, we agree that 
mpregnated hessian is not to be relied upon as a corrosion- 
‘esistant serving. 

/ We can assure Mr. Gibson that the phenomenon of metal 
jow at conductor joints held under compression is not experienced 
yn cable sheaths. 

_Mr. R. Patterson has outlined the advantages of aluminium- 
heathed cable for overhead catenary work, and of the other 
ethods of installation described, that of supporting in ventilated 


‘renches not subject to flooding is also suitable for bare cable. 
Nevertheless, where more than one method of installation is 
‘nvolved, including ducts or trenches which may become water- 
logged, protective coverings are essential and an extruded p.v.c. 
sheath, or alternatively p.v.c. tape with braided finish, would be 


suitable. The question of comparative costs has been answered 
as far as possible in these days of changing metal values by Mr. 
Fricke’s contribution, for which we are indebted to him. 

‘The suggestion of Mr. Bramald that a ‘waterproof membrane’ 
of Neoprene be enclosed within the sheath is not really practicable. 
It would add greatly to size and cost, apart from which, being 
only relatively impermeable, it would not, as explained earlier, 
be capable of excluding moisture permanently. 
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Both Mr. Cooper and Mr. Wintle were interested in fatigue 
resistance. In this respect an aluminium sheath is incomparably 
better than any lead alloy, and is finding increasing application 
on plant and structures subject to vibration. 

We cannot quote comparative costs against conduit systems, 
since conditions of installation influence the figures so con- 
siderably, but it can be said that aluminium-sheathed cable is 
usually competitive. This relationship applies also to copper- 
sheathed mineral-insulated cable, the manipulation of which is 
very similar. Stripping of the sheath is effected as for a lead 
cable, and for the small sizes can be done with a small knife. 

The samples of cable which had been buried by Mr. Edmonds 
and Mr. Johnson both showed a little corrosion after four years’ 
interment, but none was evident at the wiped joints, which had 
not been protected in any way. In so far as buried cable is 
concerned, it is unlikely that corrosion once initiated will become 
self-arresting, although this certainly does occur on sheaths 
exposed to the atmosphere. An experiment has been in pro- 
gress for some years to test the possibility of inhibiting 
corrosion by cathodic protection; this will be reported in due 
course. 

In reply to Mr. Stanbury, we would point out that the cable in 
Fig. 27 was supported by aluminium cleats, and for each cleat 
the crevice was filled with an inhibitive paste. Even without 
this precaution, since the cable is not exposed to marine 
atmospheric conditions, risks of crevice corrosion are negligible. 
We have no fear of mechanical damage to the sheath due to the 
cleats. The cracking in motor-car bodies referred to by 
Mr. Stanbury is undoubtedly due to stress corrosion of the 
particular alloy employed, and the pure aluminium used for 
cable sheathing is not susceptible to failure of this kind. It is 
possible that the unusually severe corrosion of lead cable in 
earthenware pipes was due to stray-current electrolysis, which 
could be prevented only by protective coverings, irrespective of 
whether the sheaths were lead or aluminium. 
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‘A CRITERION OF DISTRIBUTION COSTS’* 
NORTH-EASTERN CENTRE, AT NEWCASTLE UPON TYNE, 9TH JANUARY, 1956 


Mr. W. A. Carne: There are so many factors involved that a 
straightforward comparison between Area Boards is more likely 
to be misleading than informative. The author recognizes the 
many variations between Boards and endeavours to allow for 
these in his calculations; in doing so he has produced a document 
that could be said to comply completely with the best definition 
that I know of statistics, ie. ‘a method of proceeding by a 
complicated mathematical process from an unwarranted assump- 
tion to a foregone conclusion’. The unwarranted assumption in 
this case is that the commercial efficiency of distribution of 
Boards varies sufficiently widely to enable the reasons for the 
variations to be established by a method of comparison. 

It is a fact that all Boards contain a mixture of many former 
undertakings, that distribution practice has been common 
throughout the country and that the boundaries between Boards 
are in many cases arbitrary geographical lines. All this leads to 
the suggestion that, so far as distribution commercial efficiency is 
concerned, the probability is that all Boards are equal but some 
are more equal than others. The Boards within the latter 
category are London, South West Scotland and South Wales— 
each of which has major peculiarities that render comparison 
with other Boards virtually impossible. 

Fig. 1 shows that a straight line could be drawn through the 
points representing the four southern Boards that are adjacent in 
territory and similar in development, and also another line for 
the five adjacent north of England Boards. These two lines seem 
to be eminently reasonable and represent for the southern Boards 
a capital cost of £10million fixed plus £50 per kilowatt and for 
the northern Boards a cost of £5million fixed plus £42 per 
kilowatt. 

The suggestion that the Boards fall into two groups is also, 
I think, the conclusion reached by the author in Section 4.2, as 
shown in Table 5 and Fig. 3. 

The differences in commercial efficiency revealed by the 
author’s methods suggest that the source of the differences is 
more likely to lie in imperfections in his compensating adjust- 
ments for area and consumers than in any fundamental differences 
in economy of operating methods. The author to some extent 
recognizes this shortcoming when comparing Boards, but 
suggests that the discrepancy figures for a Board in successive 
years will be a guide as to whether the Board is doing better or 
worse. This again assumes that the compensating factors used 
in arriving at the discrepancy are correct; any inaccuracy would 
cause a drift in the discrepancy figure as the Board developed. 
The average rate of growth of Boards is, say, 10% per annum, 
and in three years a Board would have grown in some aspects 
by 30%; this might well produce a significant change in the 
discrepancy figure, owing to imperfections in the compensating 
factors for area, etc. 

Mr. R. A. Hore: Statistical fitting of curves, or regression 
analysis, comprises fitting the curve and determining the statistical 
significance of the correlation. The fact that there is statistical 
correlation between two variables does not mean that there is a 
causal relation between the two. But if one knows that there is 
a causal relationship (i.e. one has additional information) one 


* Botton, D. J.: Paper No. 1739 S, December, 1954 (see 102 A, p. 436). 
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may then use the most probable value of the parameter ev# 
though the data are insufficient to determine it very accuratek 
In Section 2 the author has formally rejected regression analyss 
The method apparently used (fitting by eye) amounts, howev¢ 
to the same thing, save that it is more difficult, more laborio: 
and less accurate. In fact, it has led him to draw errones 
conclusions—a not uncommon result of dealing with statistigh 
data by non-statistical methods. I have applied vegreagh 
analysis to find the coefficients a and b in the equation (Section 2.) 
y =ax,+ bx, and find that a= £4-1 per kilowatt an} 
b = £46-9 per consumer. i | 
The result confirms Schiller’s suggestion and is in agreemes 
with Copland’s paper* and discussion. Figs. P and Q shop 


fe) 200 400 600 800 1000 1200 


NUMBER OF CONSUMERS 


1400 1600 1700 X iC} 


Fig. P 


FIXED ASSETS LESS £46-9 
PER CONSUMER 


200 400 600 800 1000 1200 1400 1600 x 10° 
MAXIMUM DEMAND, MW 
Fig. Q 


the consequent equivalent of Fig. 2, while Fig. R shows ‘| 
remarkably good correspondence between actual fixed ass 

and notional fixed assets as computed by the formula. Lonal 
is again an outsider and was excluded from the calculatic| 


* Proceedings I.E.E., Paper No. 1236 S, January, 1952 (99, Part I, p. 95). 
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ACTUAL FIXED ASSETS, £ 


70 
NOTIONAL FIXED ASSETS, £ 


Fig. R 


The calculations also show that the additional accuracy obtained 
by inclusion of a demand-related component, once a consumer- 
related component is taken account of, is not statistically sig- 
nificant, although it has been included on causal grounds. The 
tTegression plane passes almost exactly through the origin, 
providing confirmation of the author’s supposition that there 
are no ‘common costs’ in the fixed assets. 

It will be appreciated that the foregoing results affect not only 
matters raised in the paper, but tariffs as well. 

The author’s reasons for rejecting regression analysis are 
erroneous; 13 is an adequate number, and although x, and x, 
‘tend to vary together, resulting in somewhat ill-conditioned 


“normal equations, with care and discretion acceptable results 


can be obtained and these are the best obtainable from the data 
by any method. 
It also follows that unless we know of a definite causal relation- 


“ship we should not include correlations which are not statistically 


‘significant. I cannot see any clear causal relationship between 
‘cost and area and certainly no justification for the choice of so 
‘complex a relationship as the fourth root; I consider therefore 
that this factor should be omitted. 

I take it that the purpose of this criterion is to provide a 
“measure of the efficiency of the various Boards. If due account 
‘is taken of everything the Boards do, the costs for all Boards 
should be the same (analytical errors apart). The object would 
‘therefore be defeated. I suggest, therefore, that only consumer 
‘requirements (or services) should be included, e.g. demand, 
‘consumption, security of supply. The resulting discrepancies, 
‘which—statistically—would be regarded as uncertainties in the 
Coefficients or prices per consumer requirement, can be regarded 


‘in two ways: either as genuine variations in prices per consumer 


‘requirement for each Board or as variations in efficiency of the 
‘Boards. It seems to me that these two amount to the same 
thing, but that unless real reasons can be found for the former 
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the Boards should not be damned or praised for the latter. 
One such reason which has been suggested is the ratio of clerical 
to engineering staff, and before adopting remedial measures one 
should make quite sure that the increased cost is not the result 
of a genuinely better consumer service (and thus, possibly, 
justifiable). 

Does the author consider he has included all relevant factors? 
If so, why does he not suggest reasons or remedial measures in 
the south; if not, what further factors does he suggest should 
be included? 

Mr. D. J. Bolton (in reply): As Mr. Carne says, it is, of course, 
possible that all 14 Boards are so nearly alike in the efficiency 
of their operations that the difference between them is unmeasur- 
able. Such a result would arise only if they were all virtually 
perfect, in which case there would be no point either in com- 
paring them or in plotting their yearly changes. This seems to 
me a far more ‘unwarranted assumption’ than the contrary one 
which Mr. Carne condemns. The fact that each Board is com- 
posed of some 30-50 pre-vesting undertakings is no reason why 
some Boards should not prove to be more successful in the 
economy of their operations than others, or to have made greater 
relative progress. The fact is that there are substantial differences 
which can be measured in the way described. The results are 
remarkably uniform for all changes in weighting within the 
range proposed by any of its critics, and the annual changes, 
even over four years’ figures, are regular and consistent. Mr. 
Carne’s suggested formula for asset investment of £10 million 
plus £50 per kilowatt is defective, because it provides only for 
differences in the kilowatts, whereas it is clear that additional 
consumers add to the investment apart from any increase in 
demand. His initial assumption that all Boards must be approxi- 
mately equal in efficiency because they are averages leads 
inevitably to the final conclusion that if a measurement shows 
them not to be equal, this must be due to imperfections in the 
measurement. : 

Mr. Hore insists on his regression analysis and, like a mother 
with a sick child, likes it all the better when it gives an unaccept- 
able result (approximately £4 per kilowatt and £47 per con- 
sumer). Moreover, he finds that the inclusion of a demand- 
related component is not statistically significant. This is the 
diametrical opposite of Mr. Carne’s conclusion. Results which 
range as widely as from £50 to £4 (or zero) per kilowatt, and 
from zero to £47 per consumer, only confirm my own experience 
that, with the two components of the capital investment varying 
in the same direction and with every Board having substantial 
quantities of both, it is impossible to separate them mathe- 
matically with only 13 sets of data. A preferable method is that 
used as a check in the paper, namely by allocating the different 
classes of asset. 

Replying to his last paragraphs: of course, if everything was 
allowed for all the results would be the same. I have tried to 
compensate for all the technical variations which can legitimately 
be expected to affect the cost of supply; what is left is presumed 
to lie within the Board’s capacity to alter or improve. I do not 
agree that genuine variations in prices per consumer require- 
ment are the same as variations in efficiency of the Boards. The 
former can be compensated for, either by my suggested technique 
or by some improvement thereon. When this has been so 
refined as to cope precisely with all the genuine variations there 
will still be something left, and this is what we want to find. 
What to do when we have found it (Mr. Hore’s last question) 
would make another paper. 


DISCUSSION ON | 
‘PROVING THE PERFORMANCE OF CIRCUIT-BREAKERS, WITH PARTICULAR | 
REFERENCE TO THOSE OF LARGE BREAKING CAPACITY’* 
AND 
‘A NEW TESTING STATION FOR HIGH-POWER CIRCUIT-BREAKERS’+ 


Before the NORTH STAFFORDSHIRE SUB-CENTRE af STAFFORD 28th October, the SOUTH MIDLAND SUPPLY AND UTILIZATION GroupP at BIRMINGHAK 
14th November, and the NORTHERN IRELAND CENTRE af BELFAST 13th December, 1955. 


Mr. S. M. Gonek (at Stafford): Tests show that it is possible 
for an air-blast circuit-breaker to interrupt a short-circuit 
current satisfactorily at a certain voltage and a single natural 
frequency but fail under similar conditions if the voltage is 
reduced and the natural frequency raised to maintain the same 
nominal r.r.r.v. evaluated in accordance with A.S.T.A. interim 
rules. This implies that the method suggested by the A.S.T.A. 
for the evaluation of a single-frequency, equivalent to a multi- 
frequency, transient may prove to be inadequate in future. 

Has the satisfactory experience, mentioned in Section 3.2.3 of 
the paper by Messrs. Christie, Leyburn and Bird, been due to 
the fact that, in most cases, the circuit-breakers have been designed 
and tested at equivalent natural frequencies corresponding to 
two or three times the r.r.r.v. shown for the maximum fault 
MVA in Fig. 5? 

Do the authors consider that, in view of the above, the proposed 
r.t.r.v. standards specified in Table 1 are inadequate and that 
the method for the evaluation of the equivalent r.r.r.v. in the 
case of the multi-frequency transients should be modified to 
cater for this characteristic, e.g. by specifying a transient 
enveloping the maximum instantaneous voltages which could 
probably be approached closer by tests at reduced voltages and 
suitable single natural frequencies? 

Mr. T. J. Rowlands (at Stafford): Section 4.11 of the paper 
by Messrs. Christie, Leyburn and Bird makes the suggestion 
that a 5°% test should be included in the test specification, and in 
order to preserve the objective of testing under realistic condi- 
tions, it is conceded that a certain amount of reactance should 
be placed on the load side of the circuit-breaker. A test of this 
type is included in Table 3. 

The proportion of reactance on the load side of the circuit- 
breaker for the 5°% test is given as 80%, whereas, in fact, 95% 
would appear to be the correct value to employ. What is the 
origin of the 80% reactance suggested? If a test of this form is 
considered necessary at 5% of the fault MVA rating, why is it 
not considered necessary at 10%, 30% and 60%. 

Would the authors amplify their reasons for believing that 
large circuit-breakers are not often affected by the positioning 
of the test-circuit reactance, and would they indicate how the 
likelihood of trouble may be diagnosed without conducting 
tests? 

Is it not possible that realistic siting of the fault-limiting 
reactance in tests on single-break air-break circuit-breakers 
would dispense with the 10°% test with connections reversed, and 
that additional tests at 30% and 60% conducted in the same 
way would be likely to expose insulation weaknesses in the 
presence of ionized gas? 

Mr. J. S. Cliff (at Birmingham): The proposals put forward 
by Messrs. Christie, Leyburn and Bird are very much in line 
with the tests which have been made during recent years at the 


* CHRISTIE, J.. LEyBURN, H., and Birp, J. F.: Paper No. 1707S, A t, 195 
(see 102 A, p. 697). p fo) ugust, 4 
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major A.S.T.A. testing stations, and therefore they call for ver 
little comment. 

One of the additional tests which is increasing in importance 
is the auto-reclose test, particularly for export contracts wheit 
high-speed auto-reclosing duty is often specified for the higher 
voltage circuit-breakers. In this test, particularly with oy 
circuit-breakers, the second operation is much more onerouy 
than the first, and to prove the circuit-breaker completely it | 
most important that the voltage and current should be as nea}: 
to 100% as possible. The authors ask for some tolerance on ag | 
second operation, probably because of the characteristics «| 
their testing station. On a test plant provided with supe 
excitation, it is possible to control the severity of the secon 
operation, and even at high powers make it more onerous thay 
the first if necessary. When unit-testing a half-pole of | 
132kV 5O00MVA circuit-breaker on single phase, I haw) 
recorded the following values: 


Break Make-break 
operation operation 
Applied voltage 100% 15 cycles 102% 
dead time 
Current 100% 110% 
Recovery voltage 90% 94% 


Such tests approach service conditions very closely, and illustraq 
the benefits of super-excitation. 

Another aspect of circuit-breaker testing which has increase, 
in importance recently is the ability to handle line-chargisl- 
currents adequately, as mentioned by Messrs. Christie, Leybu. 
and Bird in Section 5.4. I agree that tests made with lumpo 
capacitor banks are not easy to compare with the performany 


we have been able to make a connection to one of the circuii| 
During specified week-ends in the summer, up to 112 miles || 
3-phase 132kV line have been made available. By connecti: 
the three phases in parallel, the equivalent of 250 miles can 


station generators, through step-up transformers and the t#) 
circuit-breaker. The circuit-breaker is then opened, and i) 
current and voltage variations are measured on the recordi 
equipment in the testing station. These tests have alrea, 
provided very useful data on both standard and experimen 
arc-control devices. 
For the design of a new testing station there exists at press} 
a considerable amount of data and experience accumulated | 
the various testing stations which have been in operation duri| 
the last 20 years. This information is freely exchanged amc( 
testing engineers, and Messrs. Christie, Leyburn and Fenn ha 
undoubtedly availed themselves of the opportunity to stuj_ 
existing practice. It is therefore surprising that, in spite of 1) 
large size of the station, the outputs achieved are not relativ) 


greater than those that can be obtained from stations using 
much simpler equipment. In the London discussion I com- 
mented on the relative merits of over- and super-excitation, 
and the comparative outputs at generator voltage. As the 
authors State, it is at the higher voltages where the maximum 
possible output is most useful. In the high-voltage range the 
comparison with a station equipped with super-excitation* is 
as follows: 


_ Authors’ three generators with over-excitation plus 15 transformers 


3-phase  .. aA meh .. 1500/2000 MVA 
l-phase .. Re a .. 1L600MVA 
i Two generators with super-excitation plus nine transformers 
iy 3-phase .. - = .. 1L750MVA 
i-phase. =... as a .. LSOOMVA 


(The latter value corresponds to an increase of 15°% on the 
normal applied voltage, obtained by the super-excitation. Even 
more could be obtained in special cases.) 

_ As the d.c. generators which form the super-exciters are much 
Jess costly than alternators, and the combination of super- 
exciter and correctly-designed alternator is much more flexible 
‘than an alternator with only over-excitation, super-excitation is 
‘now being used in most modern testing stations. 

_ Mr. P. M. Martin (at Birmingham): 1 was particularly im- 
‘pressed by the actual contact of the making switches, which, 
for the duty involved, seemed to be very small. Could the 
authors give more information about these contacts? 

. Mr. R. A. J. Skermer (at Birmingham): What type of prime 
‘mover is used, and what steps are taken to compensate for the 
heavy sudden testing load, which would tend to stall the 
generator? Is some form of heavy flywheel fitted on the prime 
mover of the generator? 

_ Mt. S. Taylor (at Birmingham): The authors state that valuable 
information may be obtained from scale-model tests in research 
and development. When we consider that the mechanical scale 
of the model must be suitably aligned with the electrical scale 
of the test circuit and with the scale of the performance of the 
‘model during the test, it is difficult to avoid the conclusion that 
‘the final interpretation of the test results must be open to 


: 


in Would the authors enlarge upon this aspect of synthetic 
testing, and also state to what degree they have been able to 
place reliance upon the extrapolated results from model tests 
‘when designing full-scale circuit-breakers? In this connection, 
I would expect particular difficulty with oil circuit-breakers 
having arc-control devices of the self-generated blast type, and 
‘would like the authors’ views on this. 

_ Mr. H. C. Fox (at Birmingham): It would be interesting to 
know whether super-excitation is used at the testing station at 
Arnhem. 

_ Mr. J. S. Woodhouse (at Birmingham): Bearing in mind that 
the special 132kV facilities available at the Birmingham station 
‘appear to be in some respects comparable to those available at 
the Fontenay Testing Centre, would it not be desirable in the 
‘interest of economy and co-operation to send some circuit- 
‘breakers to the Birmingham station instead of the French one? 
_ Mr. W. J. Wright (at Belfast): In view of the present tendency 
to back circuit-breakers of inadequate rupturing capacity in 
low-voltage switchboards with high-rupturing-capacity fuses, I 
‘should be glad to know whether the authors consider this to be 
good practice, and if so, what steps should be taken before 
fitting the fuses in order to ensure that the circuit will be 
adequately protected under short-circuit conditions? 


___* Curr, J. S.: ‘Apparatus used in High-Power Switchgear Testing’, Journal LE.E., 
1937, 80, p. 593. ee j Le, 
Curr, J. S.: ‘Twenty Years of Progress in High-Power. Switchgear Testing’, 
E.C. Journal, April, 1955, p. 22. 
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Where a l.v. switchboard comprises two main circuit-breakers 
for controlling the incoming supplies and several circuit-breakers 
controlling outgoing circuits, it is sometimes considered that 
the rupturing capacity of the circuit-breakers controlling the 
outgoing circuits may be less than that of the main circuit- 
breakers. Do the authors subscribe to this opinion, or should 
all circuit-breakers in a composite l.v. switchboard have the 
same rupturing capacity? 

Mr. W. Szwander (at Belfast): A supply engineer, who has 
had the opportunity of watching at close quarters the working 
of switchgear testing stations, without doubt has his confidence 
considerably strengthened in the safety of the circuit-breakers 
installed in his system and in their ability to withstand satis- 
factorily the demands imposed on them by operating conditions 
in modern power systems. In this connection, no doubt the 
supply industry as a whole owes much to the leading switchgear 
manufacturers in this country for their achievements in the field 
of switchgear testing and for their willingness to immobilize 
considerable capital resources in the necessary facilities for that 
testing. Nevertheless it must be presumed that the cost of 
research and testing work is ultimately borne by the purchasers 
of switchgear, the prices of which must to some extent reflect 
the expenditure on testing. Hence the user of switchgear is 
interested not only in the highest possible quality of testing, but 
also in its lowest possible cost. While the relative values of 
field testing, of testing in high-power testing stations and of 
synthetic testing are appreciated, it is regretted that the authors 
have rather easily dismissed, at least in these two papers, the 
synthetic method of testing, which would appear to be the most 
economical. Since this method is used in some countries by 
manufacturers of the highest repute, it is difficult to believe that 
it deserves complete condemnation. It would be most instructive 
if the authors could give a brief review of the circuit-breaker 
testing methods actually used, and of the facilities available 
(with indication of maximum MVA) in the United States, Ger- 
many, Switzerland, Sweden and France, as compared with Great 
Britain. For example, how will the 330kV 25000 MVA circuit- 
breakers* of the Ohio Valley Electrical Corporation be proved? 
While the trend to ever-growing MVA fault levels in modern 
power systems is well established, much can be achieved by 
thoughtful system design to ensure at least a saturating character 
of this growth—hence the maximum rupturing capacities which 
may be required for circuit-breakers in various voltage classes 
should not considerably exceed in the future the values now 
envisaged. The present lack of clearly defined testing require- 
ments and procedures concerning the breaking of magnetizing 
and of line-charging currents makes it very difficult for a pro- 
spective user of a circuit-breaker to establish its suitability for 
working in a particular system. The method, referred to by the 
authors, of checking a circuit-breaker against the known charac- 
teristics of a similar circuit-breaker which has been tested in 
conditions adequately simulating actual anticipated working 
conditions will not be regarded by the majority of switchgear 
users as sufficiently convincing. It is to be hoped that more 
precise testing rules will be introduced before too long. In 
Section 4.11 of the paper by Messrs. Christie, Leyburn and 
Bird, the statement that ‘... when a fault current of low magni- 
tude is to be cleared, the bulk of the reactance usually lies between 
the circuit-breaker and the fault’ is rather misleading. Quite 
obviously, in the most usual case of clearing a small fault current, 
the magnitude of the latter will be reduced by the small amount 
of generating plant in service, and hence by the reactance between 
the circuit-breaker and the sources of power. 

Mr. D. S. Parry (at Belfast): The papers very clearly illustrate 
the considerable and diverse nature of the tests required to 


* C.LG.R.E., Paris, 1954, Paper No. 407. 
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prove the various types of circuit-breaker and the highly expensive 
equipment required for these tests. The papers indicate that a 
responsible manufacturer, having testing facilities available, 
conducts investigations into circuit-breaker performance far in 
excess of the requirements of the current British Standard. 
However, such thorough testing may conceivably be reflected in 
the price of the switchgear. 

I believe that most of the trouble experienced on switchgear 
can generally be attributed to failure of components, and it 
would be most interesting if the authors could give some details 
about routine testing as distinct from type testing of circuit- 
breakers. I consider this to be most necessary in order to 
ensure that equipment supplied to the customer is of the same 
standard of workmanship as that tested, for proving the per- 
formance of the design. 

Brief reference has been made in Section 6.2 of the paper by 
Messrs. Christie, Leyburn and Bird to field testing and its 
associated limitations, and then in Section 7.7 it is stated that 
testing-station tests and field tests are complementary rather 
than alternative. Would the authors enlarge upon the amount 
of useful information to be obtained from field tests ? 

In Section 4.8 of the paper by Messrs. Christie, Leyburn and 
Fenn, the authors deal with auto-reclosing duties, quoting 
minimum dead periods of 10-15 cycles. How does this time 
compare with that required for the circuit-breaker to clear the 
fault? In some circumstances a fault might not be cleared 
during the dead period, with consequent re-establishment of the 
arc. I am interested more particularly in voltages of 33 and 
110kV. 

I believe that the short-circuit testing station has now been in 
operation for about two years. Have tests at the higher powers 
now available been made frequently during this period, and if 
so how has the plant stood up under such severe conditions, 
and what maintenance has been required upon equipment being 
continually subjected to short-circuit stresses, since plant in 
normal service would generally escape such onerous duties ? 

Messrs. J. Christie, H. Leyburn, J. F. Bird, and R. W. Fenn 
(in reply): We have found it most convenient to reply under 
separate subject headings, stating the names of the contributors 
immediately following each heading. 

R.R.R.V. (Mr. Gonek).—The performance of a circuit-breaker 
may be affected by the growth of a restriking transient either in 
the initial or at a later stage. The A.S.T.A. interim rules, which 
take cognisance of both these effects, are therefore a reasonable 
compromise for assessing the severity of a multi-frequency 
transient. We do not consider that the problem raised by the 
speaker is sufficiently serious to warrant a revision of the rules 
or an increase in the proposed standard r.r.r.v. values shown in 
Table 1, particularly as the latter have been based upon severe 
system conditions. 

Test Circuit (Messrs. Rowlands and Szwander).—Short-circuit 
currents of the order of 5% are usually due to a distant fault, 
and the placing of the bulk of the reactance on the side remote 
from the source represents that condition. The value of the 
‘remote’ reactance depends upon the system conditions at the 
time of the fault, and 80% is considered to be a reasonable 
practical value. 

Although the same considerations apply to other short-circuit 
currents, they are less important at the higher values because the 
ratio of ‘remote’ reactance to source reactance decreases as the 
current increases. For that reason a similar test at 10%, 30% 
and 60% is not considered necessary. 

Super-Excitation (Messrs. Cliff and Fox).—Service conditions 
do not demand that the second break of an auto-reclose duty 
should be in excess of 100% of the circuit-breaker rating, and 
the values quoted by Mr. Cliff are therefore of academic interest 
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only. Ina testing station without super-excitation it is possible» 
in the example quoted by Mr. Cliff, to obtain, say, 95% of the 
rating on the second break by making the first break-test at. 
say, 105%. | 
Super-excitation is provided in the testing station at Arnhe 
but not in the most recent station built in the United States. | 
Testing-Station Output (Mr. Cliff).—It was not our intention ta 
compare the outputs of testing stations. We cannot reconcild 
the single-phase output of 1500 MVA quoted by Mr. Cliff We 
the output of 1 100-1 150 MVA which he has quoted in a previous 
description of the same station.* We presume that the lower 
outputs are obtained at standard voltages, which we consider} 
is the only proper basis of comparison. 
Line Switching (Messrs. Cliff and Woodhouse).—The facility 
provided by the C.E.A. for switching a 132kV line will na 
doubt prove to be useful. With the corresponding facilities} 
provided at Fontenay it is possible to switch longer lines over if} 
wider range of voltages and with few restrictions as regard: 
availability. . 
Making Switch (Mr. Martin).—The making-switch contacts fo: 
each pole consist of 16 butt contacts making at high pressur) 
on to a flat moving plate. 
Prime Mover (Mr. Skermer).—Each generator is driven by a3 
electric motor, the power for the test being supplied by (1 
mechanical inertia of the generator rotor which weighs 23 tonp 
and runs at a speed of 3 000r.p.m. 
Synthetic and Small-Scale Testing (Messrs. Szwander anal) 
Taylor).—Small-scale and synthetic tests are used for researc 
purposes, but are not sufficiently reliable for proving purposes}; 
The tests are often arranged to reproduce phenomena observe: 
in full-scale tests in order to investigate them more fully, bul 
the final results should, in all cases, be confirmed by full-scalif 
tests. 
Assuming that synthetic tests suitable for proving purposed 
could be developed, they would have to be carried out at power}, 
corresponding to a large percentage of the rating of the circuit) 
breakers. The cost of the testing equipment for this purpose 
including the auxiliary apparatus, would probably be comparabh|- 
with the cost of equipment used for direct testing. 
Synthetic testing schemes and facilities available in othe 
countries were carefully considered before embarking upon t! 
building of the new testing station, but a full discussion of thesj) 
matters would be outside the scope of the papers. | 
Excessive MVA in L.V. Network (Mr. Wright).—There is nq 
objection to the use of a high-breaking-capacity fuse to b 
up a low-voltage circuit-breaker, provided that the combinatiog 
is tested as a complete unit to ensure that its performance -/ 
satisfactory over the whole range of fault conditions. 
On the other hand, the use of circuit-breakers on outgoi 
circuits with inadequate breaking capacity, interlocked with 
fully-rated incoming circuit-breaker in order to ensure that th) 
latter trips first under fault conditions, has not found favour i} 
practice. 
Routine Testing (Mr. Parry).—Adequate routine testing © 
circuit-breakers is essential if a high standard of performance 
to be maintained. Such tests include mechanical and chemic: 
tests of the materials, pressure tests, measurements of contael 
pressures and no-load operations of the completed circui! 
breaker. 
Operation of Testing Station (Mr. Parry).—During the two yea: 
that the station has been in commission some 5000 shori 
circuits have been made. The equipment has required litt 
maintenance beyond the normal routine work undertaken cé 
alternate week-ends. 


* Curr, J. S.: ‘Twenty Years of Progress in High-Power Switch: ing| 
G.E.C. Journal, April, 1955, p. 22. : hehgear toy 
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The TM3, a maximum current rating meter, is the latest 
development of DENIS FERRANTI METERS LTD. 
It complies with B.S.37, Parts | and 2, 1952. 


Voltage and current losses are low, without any sacrifice 
‘of accuracy, from M.C.R. down to less than % M.C.R. 
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